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Proteins and organothiols are known for their high binding affinity to noble metal
surface including gold nanoparticles (AuNPs). Numerous reports have been dedicated to
AuNP interaction with protein or organothiol alone. Competitive protein and organothiol
(OT) interaction is, however, mostly an unexplored area. The research reported here
focused on developing a fundamental understanding of sequential and simultaneous
protein and organothiol interaction with AuNPs in which protein and OT are added either
simultaneously or sequentially into the colloidal AuNP solutions.
In studies of OT interactions with bovine serum albumin (BSA) stabilized AuNPs,
we found that the protein coating layer is highly porous and permeable for small
molecules such as mercaptobenzimidazole (MBI), cysteine (Cys), homocysteine (Hcy),
and glutathione (GSH). Based on the amounts of MBI adsorbed and the kinetics of MBI
adsorption onto BSA stabilized AuNPs, we were able to get an insight into protein
conformational changes on the AuNPs. The competitive and sequential studies of protein
and OT interactions with AuNPs involving eight model organothiols showed that the
protein and OT co-adsorption onto AuNPs is a kinetically controlled process. The AuNP

stability against ligand-adsorption-induced AuNP aggregation differed significantly
among the AuNP/OT and AuNP/BSA/OT mixtures where the AuNP stability order
increased from (AuNP/OT)/BSA to AuNP/(BSA/OT), and finally (AuNP/BSA)/OT
samples (the two components inside the parenthesis are mixed first followed by the
addition of the third component). The studies on the role of cysteine in protein-AuNP
interactions found that the cysteine has no significant effect on the kinetics of protein
adsorption onto AuNPs. However the stability of the protein-AuNP complex against the
organothiol-adsorption induced AuNP aggregation increased as the number of cysteine
residues increased from zero to two. Besides providing new insights on protein
interaction with AuNPs, this research is important for AuNP biological/biomedical
applications because AuNPs in biofuids encounter a mixture of proteins and OTs in
addition to other molecular species.
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CHAPTER I
INTRODUCTION

Gold is the quintessential noble metal. In its bulk form, gold is well-known from
ancient times for usage in jewelry and coinage due to its long-lasting luster without
tarnishing (i.e. chemical oxidation) or deterioration. As a result of extensive research and
continuous advancement in the field of science, it has been discovered that gold can also
be used for the scientific purposes.1-6 Gold at its nano size refers to colloidal gold,
nanogold, or gold nanoparticles (AuNPs). It is this nano-sized gold which has interesting
unique properties, which are not exhibited by bulk gold nor single atoms of gold. The
purpose of this chapter is to outline the properties of colloidal gold nanoparticles and to
signify the motivation for their use in the fields of biologically related research
AuNPs are useful in a broad range of applications, but their practical uses are
mostly dependent on their monodispersity and the ease with which their size can be
controlled during fabrication. The synthesis of AuNPs with diameters ranging from 1 nm
to several micrometers is well documented in aqueous as well as organic solvents.7-14 The
most widely used approaches for the synthesis of gold hydrosols are variations to the
classic Turkevich-Frens citrate reduction method7,15 as well as the Burst-Schriffin
method.9,10 It is notable that for the nanoparticles, the term colloid and cluster are
frequently used interchangeably where the former normally refers to nanoparticles of
sizes greater than 10 nm and latter refers to sizes of less than 10 nm.4
1

Surface functionalization
For AuNP applications, the chemical tuning of the particle surface by conjugating
various molecules to the surface is essential to imparting biological compatibility and
specificity to the AuNPs. For good AuNP surface functionalization, the functional groups
of interest should be able to readily attach to the particle surface, and no part of the
adsorbate complex must be involved in non-specific binding to each other or to any other
molecules in the system of investigation. Recent works have reported the introduction of
multiple functionalities to AuNP surfaces enabling the AuNPs to be used in multiplexing
applications often needed in bioanalytical investigations.4,16,17 There are three general
ways to functionalize the surface of AuNPs. First, the adsorbate can bind to the AuNP
via weak intermolecular forces, i.e. electrostatic or van der Waals interactions etc.
Second, the adsorbate can covalently bond to the AuNP through Au-S covalent bonding.
Finally, molecules can bind via specific recognition to adsorbates which are already
bound to the NPs, such as antigen-antibody or biotin-avidin interactions.4
Organothiols interactions with AuNPs
Organothiols (OTs) are known for their affinity to gold nanoparticles, and hence
are extensively used for AuNP surface modification. OTs are organic molecules
containing a sulfhydryl functional group (R-SH). It has been demonstrated that
organothiols are well suited to fabricating structurally well-defined layers on gold
substrates through the formation of a covalent Au-S bond.18
The generation of self-assembled monolayers (SAMs) of organothiols on gold
surfaces and gold nanoparticles has been a key interest in nanoscience and
nanotechnology applications. Organothiols are attached to nanoparticles through three
2

common strategies: (1) synthesizing nanoparticles in the presence of the organothiol of
interest, (2) exchanging an existing ligand with an organothiol to modify the nanoparticle
functionalities, and (3) modifying the original organothiol covalently by an interfacial
reaction to create a different organothiol of interest.18 Organothiol capping of AuNPs has
been shown to not only alter the stability, solubility, and electronic properties of
nanoparticles, but also to allow them to be functionalized with spectroscopically and
biologically active units.19 Due to these properties, organothiol-functionalized
nanoparticles have been studied for various applications of molecular recognition,
biology, and catalysis.1,2With respect to applications concerning molecular recognition,
nanoparticles with appropriately functionalized ligands were shown to selectively
recognize specific anions and cations, like Li+, K+, and other heavy metal ions.20,21 The
sensitivity of the plasmon band of the AuNP with the core environment has been used for
colorimetric sensing of biomolecules.22 Organothiol functionalized nanoparticles are also
used to selectively bind to proteins.23,24 In related work, Rotello and coworkers have
demonstrated that the nanoparticles of charged SAMs can recognize specifically the
protein chymotrypsin.24With respect to biological applications, AuNPs capped with a
thiol derivative of the vancomycin drug showed enhanced antimicrobial activity,25 and
glyco-nanoparticles with biologically significant oligosaccharides reduced the
progression of lung metastasis in mice.26 Finally, most of the recent research on the
catalytic activity of organothiol functionalized AuNPs concerned CO and CH3OH
oxidation, O2 reduction, and hydrogenation of unsaturated substrates.1 For example, an
organothiol terminated with a hexadiene functionality tethered onto AuNP showed
enhanced catalytic activity for the heterogeneous polymerization of norborene.27
3

Protein interactions with AuNPs
In addition to OTs, proteins are also functionalized on AuNPs by covalent
attachment (chemisorption)28-30 or physical adsorption (physisorption).31,32 However, the
exact mechanism of protein interaction with AuNPs is much less understood. Using the
most studied bovine serum albumin (BSA)/gold binding as an example, few groups have
reported that electrostatic interactions via the positively charged lysine groups are the
most important forces in protein binding to the negatively charged citrate stabilized
AuNPs.31,32 While, few other researchers reported that the interaction of protein with
AuNP is through the covalent linkage of AuNP and sulfur groups of proteins.28,30,33
Like some OTs, the formation of protein-nanoparticle conjugates has shown to
increase the stability of nanoparticles over a wide range of pH and ionic strengths. This
conjugation is also used to introduce biologically active functionalities to the
nanoparticle. Therefore, the use of proteins to functionalize nanoparticles is increasing
with applications in diagnostics and therapeutics. For example, antibody-functionalized
AuNPs34 and tumor-necrosis-factor-conjugated AuNPs35,36 are being studied for cancer
targeted therapy. Moreover, it is also now known that as soon as nanoparticles are
exposed to the biological medium, they are immediately covered by proteins, forming a
“corona” that surrounds nanoparticles suppressing their intended, functionalized surface
properties.37-40For example, proteins once adsorbed onto nanoparticles might transmit
biological responses due to altered protein conformation or due to the exposure of new
epitopes. There are several different factors that influence these protein-NP interactions
in the formation of protein coronas such as the thermodynamics and kinetics of proteinnanoparticle coronas, physico-chemical characteristics of nanoparticles, composition of
4

the biological medium, and protein conformational modification after interaction with
nanoparticles.39 In fact, the strong permeability of nanoparticles into the biological
membrane as well as their strong interaction with proteins raises new concerns about
nanotoxicity. Therefore, a better understanding of protein-nanoparticles interactions is
essential for providing safe nanoparticles that are biocompatible for various biomedical
applications.
Apart from studies of protein alone interaction with nanoparticles, few reports
also mentioned the protein interactions with OT functionalized nanoparticles. As direct
attachment of ligands onto metal NPs are often compromised by OT dissociation or
exchange, a variety of protein or polymer encapsulation methods were reported to
enhance the stability of NPs coated with OTs. For example, BSA was used as an
encapsulating layer to stabilize ligand functionalized gold nanoparticles to produce high
SERS scattering signals of reporter molecules41 to use as novel probes for biomolecules
detection,42 and as well as for imaging purposes.43 AuNPs functionalized with
organothiols were preserved by polymer encapsulation to synthesize clusters of desired
size44 and well defined features.45Braun et al. have also studied the interactions of OTs
with protein functionalized NPs. The authors used the strategy of organothiol infusing
into protein coating layer of silver nanoparticles to generate new class of SERS active
clusters with high enhancement factors.46
Many studies have been performed to investigate the fundamental nanoparticle
protein association/dissociation both in vitro and in vivo. All of these studies involve
studying the interactions of nanoparticles with both single and multiple proteins. For
single protein interaction, the identity of the bound protein is known and studies are
5

focused on the binding mechanism, binding ratio, binding affinity, thermodynamics and
kinetics of binding, and binding induced conformational or activity changes of proteins.
For multiple protein interactions, where hundreds of proteins can interact with the
nanoparticle, most of the studies are aimed at separating and identifying the bound
proteins.38,47 However, the role of protein aging on nanoparticle stability and binding
affinity, ligand-induced nanoparticle aggregation, and protein structural modification on
the nanoparticle have not been studied thoroughly.
Analytical strategies for studying protein-nanoparticle interactions
Of primary interest is determining some fundamental characteristics of proteinnanoparticle interactions like the binding affinity or the protein-to-nanoparticle binding
ratio. The protein-NP binding interactions are monitored through changes accompanied
by electron or energy transfer, spectroscopic change, size or shape changes of protein
and/or NP, etc. Therefore, protein-NP binding is studied by analyzing these changes
using various analytical tools and methods. Listed below are the most commonly used
analytical methods reported in the literature for studying protein-NP interactions.
Protein interaction with AuNPs results in changes in the UV absorption spectra of
the NPs, and these changes are monitored to evaluate the binding.48-50 The change in the
absorption spectra of the NP-protein complex depends on the NP size, aggregation state,
and the change in the local dielectric environment.49 Compared to other methods, UV-Vis
is faster and less complicated, but it is usually not conclusive as spectra may show
different characteristics for different NPs or different NP size distributions.
Proteins are complexes of amino acids containing intrinsic fluorophores such as
tyrosine, tryptophan, and/or phenylalanine. Using these intrinsic fluorophores or by
6

labeling proteins with external fluorescent labels, many works have been reported the use
of fluorescence spectroscopy in studying protein-NP interactions.24,50,51 Fluorescence
technique is used to measure binding affinity, number of binding sites, and binding
constant and for quantitatively evaluating the protein-NP ratio.24,50,52 However,
fluorescent labeling has to be well designed to avoid introducing major conformational
changes to the native protein. Furthermore, the addition of a dye can effect protein-NP
interactions if the dye has a higher affinity to the NP surface compared to the protein.
Moreover, the background signal from the protein remaining free (i.e. unadsorbed on NP)
in the solution and the inner filtration effect of the AuNPs compromise the sensitivity of
the technique and complicate the interpretation of the experimental results.
Circular dichroism (CD) is used to study the conformational changes of proteins,
which are induced by protein-NP interactions.53-56As different protein secondary
structures have their own characteristic CD spectra and NPs are not chiral in nature, there
will be no interference of NPs on the profile of the protein CD spectra. Even though CD
is widely used to assess the protein conformational changes, the signal reflects an average
of the entire molecular population. Similar to fluorescence, the unadsorbed protein and
the inner filtration effect of the NPs will compromise the sensitivity of this technique.
Fourier transform infrared (FTIR) has been used to monitor the structures of NPbound proteins.54,57,58The protein secondary structures are estimated based on the
absorption bands of amide. Of amide I, II and III, the amide I band (1700 -1600 cm-1) is
the most sensitive and widely used to determine protein confirmation. FTIR is simpler in
both instrumentation and data collection but it cannot be applied to the protein-NP
complex as solutions should be dried which likely perturbs the confirmation of protein7

NP complex. X-ray crystallography was used to evaluate protein 3-D structure and
protein–NP binding but, like FTIR, the samples should be dried which might perturb the
confirmation of protein-NP complex.59Transmission electron microscopy (TEM), atomic
force microscopy (AFM), and optical imaging techniques were also applied to study
AuNP interfacial interactions with proteins; however, the samples have to be dried,60 or
frozen (cryogenic TEM),61 which likely perturbs the configuration of the protein/AuNP
complex.
Dynamic light scattering (DLS) determines small changes in hydrodynamic
diameters of particles and is used to monitor the size distribution of NPs.48,49,62 Once the
protein interacts with the NPs, the hydrodynamic size of NP increases, and the increase
will stop once the surface is saturated giving information about the protein-NP binding
ratio. However, the hydrodynamic size of the particle also depends on other factors such
as the formation of hydration shells, shape of the particles, and the counter ion binding
resulting in the need to consider multiple interferences for interpreting the DLS data.
Methods
This section involves the fundamental principle governing the Localized Surface
Plasmon Resonance (LSPR) and Surface Enhanced Raman Spectroscopy methods that
have been used widely in this research to study protein and organothiol interactions with
AuNPs.
Localized Surface Plasmon Resonance (LSPR)
A deep red color of AuNPs in aqueous solution reflects a broad absorption band
in the visible region referred to as the surface plasmon resonance (SPR) band. The SPR is
8

due to the collective oscillations of conduction electrons at the surface of nanoparticles in
correlation to the incoming electromagnetic (light) wave.63,64Fig. 1.1 shows the schematic
representation of the creation of surface plasmon oscillations.64 The negative charges, i.e.
conduction electrons, move under the influence of external electric fields causing the
displacement of the electron cloud and resulting in a net difference in the nanoparticles
boundaries. When the electron cloud is displaced relative to the nucleus, a restoration
force arises resulting in the oscillation of the electron cloud in relation to the nuclear
frame-work. The oscillation frequency depends on factors like electron density and the
shape and size of the charge distribution.65

Figure 1.1

Schematic of plasmon oscillation for a sphere, showing the displacement of
the conduction electron charge cloud relative to thenuclei.64

The intense color of dispersed colloidal AuNPs was first rationalized by Gustav
Mie in 1908.66 Using Maxwell equations, Mie has offered an exact electrodynamic
calculation of the interaction of light with spherical metallic nanoparticles. For a
spherical nanoparticle with a diameter less than the wavelength of incident light (2R <<
λ, where R is the radius of the particle), its response to the oscillating electric field can be
described by the dipole approximation of Mie theory. In this approximation, the
9

extinction cross section of a single particle

( ext ) , which defines the energy losses in

the direction of light propagation due to the absorption and scattering of the particle, is
described in terms of the dielectric function of the particle and the surrounding medium
(equation 1.1).65,67


 ext  9  m3 / 2V
c

 2 ( )
[1 ( )  2 M ]2  [ 2 ( )]2

(1.1)

Where,

V  (4 / 3)R3 , the volume of the spherical particle



= angular frequency of exciting light

C=velocity of light

 m and  ()  1()  i2 () = dielectric functions of the surrounding medium and
the material itself
As can be seen from equation 1, the extinction cross section of the particle
depends on the dielectric function of the metal of which it is composed. Thus, different
metals will possess different absorption and scattering cross sections. The origin of LSPR
lies in the denominator of the right-hand side of the equation 1 with maximum  ext
occurring when 1

 2 m , and 2 is small. SPRs exhibit enhanced near-field amplitude

at the resonance wavelength. This field is highly localized at the surface of the
nanoparticle and decays very rapidly away from the nanoparticle/dielectric interface into

10

the dielectric background. Thus, SPR is commonly referred as localized SPR or
LSPR.63,65
The LSPR is influenced by not only particle size but also solvent, ligand
adsorbed, interparticle distance, and temperature. For example, a constant change in the
spectral shift of AuNPs, in accordance to the Mie theory has been observed in response to
the change in the refractive index of the solvent.68 The core charge, determined by the
dielectric constants of the particle and the medium, is influential in determining the SPR
band energy causing shifts to higher energy with excess electronic charge and lower
energy with electron deficiency. Furthermore, LSPR is sensitive to the proximity of
nanoparticles. Thus, aggregation of nanoparticles will result in the red shift of LSPR band
as the solution turns from red to blue due to the plasmon coupling.4
Due to the sensitivity of the LSPR band arising from the local dielectric changes
caused by the analyte adsorption, interparticle distance, etc., the LSPR based sensors are
becoming an area of very active research from both a scientific and technological
standpoint. LSPR assays are conducted both in solution phase as well as surfaces coated
with a nanoparticle monolayer.31,49,52,69,70 In examples of solution phase LSPR, the shift
of LSPR absorption maxima was monitored when functionalized AuNPs interacted with
analytes. Moreover, the shift of the wavelength was also found to be in proportion to the
amounts of absorbed ligands.71 Similarly, exploiting the color change caused due to the
aggregation of AuNPs and alteration of the SPR band, many LSPR based colorimetric
sensors have been reported for detection of oligonucleotides, proteins, lectin, etc.4

11

Surface-Enhanced Raman Scattering (SERS)
Raman spectroscopy involves inelastic scattering of photons by a molecule having
quantized vibrational modes consequently providing a “fingerprint” spectrum.72 Due to
the low efficiency of inelastic scattering, the direct application of the Raman technique is
severely restricted for the sensitive detection of analytes. However, in the presence of
plasmonic nanoparticles, such as gold or silver, the Raman scattering intensity can be
enhanced up to 1014 orders of magnitude. This phenomenon is attributed to the
electromagnetic field enhancement induced at the nanoparticle surface and is referred to
as surface enhanced Raman scattering (SERS). The large enhancement of the Raman
signal along with the unique molecular fingerprint spectrum makes SERS a powerful
multiplex detection system with an ability to achieve a single molecule detection
limit.73,74
Mechanism of SERS
Many mechanisms were proposed in the early days of SERS for its Raman
enhanced signal, but a number of them turned out to be wrong. Those that survived were
sorted into two classes: electromagnetic and chemical. Even though, both of these effects
work independently, but for adsorbate – nanoparticle complex, the overall enhancement
is a multiplicative effect of both the factors.75,76
Electromagnetic effect: As discussed in the previous section, the electromagnetic
radiation incident upon the nanoparticle surface generates collective oscillations of
conduction electrons known as LSPR. LSPR creates large electromagnetic fields at the
surface of the nanoparticle. The electromagnetic enhancement effect relies on Raman
active molecules being confined to these electromagnetic fields and contributing an
12

enhancement factor of ≥ 104 orders of magnitude. The electromagnetic field induced at
the surface of the sphere is related to the applied external laser described by the following
equation:76

Einduced  {[1 ( )   2 ] /[1 ( )  2 2 ]}Elaser

(1.2)

Where,

 1 ( ) is the frequency dependent dielectric function of metal
 2 is the relative permittivity of the ambient phase
From the equation 2, the magnitude of the electric field at the surface becomes large
when 1 ( )  2 2 , which can be attained at certain wavelengths for silver and gold in the
visible and near-IR, where the maximum enhancement of adsorbate Raman signals is
achieved.
Chemical enhancement: Several lines of evidence show the existence of a second
mechanism of enhancement, namely chemical enhancement (CE). This CE mechanism
involves charge transfer between the chemisorbed species and the metal surface and is
known to provide an order or two of magnitude enhancement to the Raman signal
intensity. CE is less understood than the electromagnetic enhancement, but the
possibilities for observations has been explained in two ways: (a) In a similar way to the
resonance Raman effect, the metal-adsorbate proximity might lead to electronic coupling
from which novel charge-transfer intermediates take place having higher Raman
scattering cross sections compared to the analyte when not adsorbed onto the metal
surface. (b) The other explanation is that the molecular orbitals of the adsorbate are
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shifted and broadened by the interaction with the metal surface altering the analyte
chemistry.76,77
For practical purposes, the overall SERS enhancement factor at a single excitation
wavelength can be described by78

EF 

[ I SERS / N Surf ]
[ I NRS / NVol ]

(1.3)

Where,

I SERS is the surface-enhanced Raman intensity,
N Surf is the number of molecules bound to the enhancing metallic substrate,

I NRS is the normal Raman intensity, and
NVol is the number of molecules in the excitation volume
Thesis Objective
Protein-AuNP interaction is an exceedingly complicate phenomenon. It is highly
dynamic in nature and can involve multiple intermolecular interactions. The main goal of
this dissertation is to develop a fundamental understanding of the adsorption kinetics,
stability, and adsorbed protein conformation on the AuNP using organothiols as the
probe. This dissertation consists of four chapters. The first chapter provides an overview
of the dissertation including the current state-of-knowledge of the subjects related to the
dissertation. Chapter 2-4 describe three main research projects each driven by a different
set of hypothesis. The focus of Chapter 2 is to probe the organothiol adsorption kinetics
14

onto the AuNPs. Our hypothesis is that it is very unlikely for protein, a macrobiomolecule to fully passivate the AuNP surface for further organothiol adsorption due to
the steric hindrance. By monitoring the adsorption kinetics and amount of organothiol
adsorbed onto AuNPs, we should be able to gain insight on the protein structural
evolution and stability on AuNP. Chapter 3 compares the sequential and simultaneous
protein adsorption onto the AuNPs in which the protein and organothiol were added
simultaneously or sequentially into colloidal AuNP solutions. The main goal of this
project is to determine whether the protein and organothiol interaction is kinetically or
thermodynamically controlled. A relative large number of organothiols were included in
this study to explore the complexity of the protein and organothiol interactions with
AuNPs. The key focus of Chapter 4 is to probe the role of cysteine residues on the
protein adsorption kinetics and the protein stability on the AuNPs against organothiol
displacement. Besides providing new insight on protein interaction with AuNPs, the
research described in this dissertation is important for AuNP applications in biosciences
because biofluid are usually rich in both protein and organothiols including amino acid
thiols.
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CHAPTER II
STUDYING PROTEIN AND GOLD NANOPARTICLE INTERACTIONS USING
ORGANOTHIOLS AS MOLECULAR PROBES

Abstract
The protein and gold nanoparticle (AuNP) interfacial interaction has broad
implications for biological and biomedical applications of AuNPs. In situ characterization
of the morphology and structural evolution of protein on AuNPs is difficult. We have
found that the protein coating layer formed by bovine serum albumin (BSA) on AuNP is
highly permeable to further organothiol adsorption. Using mercaptobenzimidazole (MBI)
as a molecular probe, it is found that BSA interaction with AuNP is an exceedingly
lengthy process. Structural modification of BSA coating layer on AuNP continues even
after 2 days’ aging of the (AuNP/BSA) mixture. While BSA is in a near full monolayer
packing on the AuNPs, it passivated only up to 30% of the AuNP surfaces against MBI
adsorption. Aging reduces the kinetics of the MBI adsorption. However, even in the most
aged BSA-coated AuNP (3 days), 80% of the MBI adsorption occurs within the first 5
min of the MBI addition to the (AuNP/BSA) mixture. The possibility of MBI displacing
the adsorbed BSA was excluded with quantitative BSA adsorption studies. Besides MBI,
other organothiols including endogenous amino acid thiols (cysteine, homocysteine, and
glutathione) were also shown to penetrate through the protein coating layer and be
adsorbed onto AuNPs. In addition to providing critical new understanding of the
21

morphology and structural evolution of protein on AuNPs, this work also provides anew
venue for preparation of multicomponent composite nanoparticle with applications in
drug delivery, cancer imaging and therapy, and material sciences.
Introduction
Increasing experimental evidence shows that when AuNP is exposed to protein or
serum plasma, protein spontaneously accumulates onto the AuNP surface, forming a
protein coating layer that is commonly referred to protein “corona”.1-3Multipleworks
have been devoted to probe the fundamental mechanism governing the protein interfacial
interaction with AuNPs.3-10 However, there are an array of unsettling questions regarding
the protein structure on the AuNP surfaces. For example, up to date, a binding constant
differs by ~4 orders of magnitude (~105 to 1011 M-1) has been reported for BSA binding
with AuNPs with size from 10 to 40 nm in diameter.4,8,11,12 Recently Casals et al
reported that the aging enhances the stability of protein coating formed on serum plasma
protein on the AuNPs, and the protein coating layer evolves from a “soft” corona to a
“hard” corona. However, fundamental mechanism of this aging effect, and the structural
characteristics of the “soft” and “hard” corona is currently unclear. Example questions
such as the possible mobility and the inter-protein spacing of the adsorbed protein has not
been addressed. Answering these questions is important for our understanding of
protein/AuNP interfacial interaction, which will aid future design of protein
functionalized AuNP for biological and biomedical applications.13
One difficulty in studying the morphology of the protein coating layer on AuNPs
is the lacking of reliable spectroscopic and imaging technique for in-situ investigation of
protein immobilized on AuNP in solution. While circular dichroism and protein
22

tryptophan fluorescence have been used for understanding the protein/AuNP
interactions,2,11,12 however, background signal from the protein remained free in solution
and the inner filtration effect of the AuNP compromise sensitivity of the techniques and
complicate the interpretation of the experimental results. Dynamic light scattering (DLS)
techniques measures the change in the hydrodynamic radii of the AuNP induced by
protein adsorption. It is unlikely sensitive to protein conformational change on the AuNP
surfaces. The electron microscope (TEM), atomic force microscopic (AFM) and optical
imaging techniques were applied to study AuNP interfacial interaction with protein,
however, the samples has to been dried,14 or frozen (cryogenic TEM),15 which likely
perturbs the configuration of protein/AuNP complex.
We employ mercaptobenzimidazole (MBI), an organothiol as the molecular probe
to investigate the structural characteristics of protein coating layer on AuNPs. Recent
work suggests that organothiol such as glutathione cannot displace BSA adsorbed onto
the AuNPs.16 Whether or not organothiol can be adsorbed onto BSA covered AuNPs is
an open question. Indeed as it will be shown later, our quantitative MBI adsorption data
showed that MBI can be readily adsorbed onto the BSA covered AuNPs without causing
BSA displacement. By studying the kinetics and binding capacity of the MBI adsorption
onto the AuNP/BSA complex, we are able to obtain critical information regarding the
morphology of protein coating layer, and the binding characteristics between BSA and
AuNPs. Besides MBI we also investigated the possible binding of the amino acid thiols
(AAT) [cysteine (Cys), homocysteine (Hcy) and Glutathione (GSH)] onto the BSA
stabilized AuNPs. For simplicity’s sake, we refer to GSH as an AAT even though it is a
tripeptide.
23

Experimental section
Materials and equipments: All the chemicals used were purchased from SigmaAldrich. BSA with a purity of 97% (lot # 064K1251) was used as received. Nanopure
water (Thermo Scientific) was used in all our measurements. The SERS spectra were
obtained with a LabRam HR confocal Raman microscopy system (Horiba Jobin Yvon,
Edison, NJ) using a 632.8 nm HeNe laser for Raman excitation. The RamChipTM slides
(Z-S Tech LLC) were used for SERS spectral acquisitions. The UV-Visible
measurements were measured using an Evolution 300 spectrophotometer (Thermo
Scientific, Waltham, MA), or an Olis HP 8452 Diode array spectrophotometer (for the
time resolved surface plasmon resonance (SPR) and kinetics of MBI adsorption
measurements). DLS measurements were performed on a DynaProTM NanoStar system
(Wyatt Technology, Santa Barbara, CA). Centrifugations were conducted with a
Marathon 21000R Fisher Scientific instrument (Pittsburg, PA).
Silver and gold nanoparticle synthesis: Unless specified otherwise, all SERS
spectra were acquired using silver nanoparticles (AgNPs) synthesized with the Lee and
Meisel method.17The gold nanoparticles were synthesized using citrate reduction
method.18,19 In brief, 0.0415g of gold (III) chloride trihydrate was dissolved in 100 ml of
distilled water and was refluxed rapidly to boil with vigorous stirring. Then, 10 ml of
1.14 % (w/v) sodium citrate dihydrate aqueous solution was added to the solution right
after boiling and continued boiling for 20 minutes. The average particle size of prepared
AuNP was ~ 15 nm in diameter with peak UV-vis absorption centered at 520 nm (Fig.
2.1).The concentration of AuNPs was calculated as 9.2 nM by assuming that all gold (III)
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ions is reduced to gold (0), which is also consistent with the concentration of the AuNP
estimated using the UV-Vis absorbance of the as-synthesized AuNPs.
DLS measurements: DLS measurements were performed with a DynaProTM
NanoStar system equipped with a HeNe laser at 658 nm and an Avalanche photodiode
detector. A Wyatt quartz cuvette of path length 1 cm and an active volume of 10 L was
used as a sample holder. After its loading, the sample in the cuvette was left to sit for 5
to 10 minutes to allow any turbulence occurs before spectral acquisition. DYNAMICS
software package (v.7.1.0) was used to analyze the data. A detection angle of 90o was
chosen for all size measurements

Figure 2.1

(A) Transmission electron microscopy (TEM) image of AuNPs (B) UVvisible spectra of as synthesized AuNPs

25

Ratiometric SERS quantification of MBI adsorption on AuNP: The amount of
MBI adsorbed onto the BSA stabilized AuNP was determined with the ratiometric SERS
method we recently reported.20 After centrifugation removal of the AuNPs together with
their surface adsorbates, 100 L of supernatant was transferred into a vial and then mixed
with an equal volume of known concentration of isotope substituted MBI (MBId4) where
the four hydrogen atoms in the benzene ring of normal MBI (MBId0) were substituted
with deuterium atoms (Fig. 2.2). After vortexing for ~ 1 min, the MBId4 spiked
supernatant was transferred to an ultra filtration tube (MWCO 3500, Millipore, (Bedford,
MA) to separate the BSA and AuNP from the isotope substituted MBI pair. The filtrate
was then subjected for SERS spectral acquisition. The removal of BSA is important as it
interferes with the SERS acquisition of MBId4 and MBId0 mixture.21 The concentration
of the free MBI (MBId0) in the ligand binding solution was deduced from the SERS
intensity ratio of MBId4 and MBId0 using the ratiometric SERS calibration curve we
derived before.20

Figure 2.2

The structure of (left) MBI (MBId0) and (right) isotope substituted MBI
(MBId4) where the four hydrogen atoms in the benzene ring were
substituted with the deuterium atoms
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Kinetics of MBI adsorption onto BSA covered AuNPs: All MBI adsorption
kinetic measurements were carried out with an Olis HP 8452 Diode array
spectrophotometer. To probe the effect of aging of the BSA covered AuNP on the MBI
adsorption, the AuNP was mixed with BSA and the mixture was left sit at room
temperature for a predefined period of time. Time resolved UV-Vis spectra were taken
immediate after the addition of MBI into the (AuNP/BSA) mixture. The time interval
between each consecutive spectral acquisition is 0.5 s. The dead (lead) time of this
instrument is about 4 s, and the integration time of each spectrum was 1.1 s. The
adsorption kinetics of MBI onto (AuNP/BSA) complex was determined on quenching of
the MBI UV-vis absorption upon its adsorption onto AuNP, an effect that will be showed
in the result and discussion section.
Quantification of BSA adsorbed on AuNP: The as-synthesized AuNPs were
concentrated using centrifugation precipitation followed by sonication redispersion to a
final concentration of 200 nM. The concentrated AuNP is then mixed with equal volume
of 20 M BSA solution. The amount of BSA adsorbed onto AuNP was determined with
(AuNP/BSA) mixtures that were aged for 10 minutes, 12 hours and 48 hours
respectively. Three independence samples were prepared for each time points. After
incubation, the samples were centrifuged at 9000 g for 90 minutes (Marathon 21000R,
Fisher Scientific) and the amount of BSA remain free in the supernatant was quantified
using the BSA UV –Vis absorbance at 280 nm region.
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Results and discussions
LSPR measurement of BSA adsorption onto AuNPs
BSA adsorption onto AuNP was monitored using combination of LSPR, DLS and
quantitative BSA adsorption studies. LSPR is one of the very few techniques capable for
in-situ study the AuNP interfacial interactions in solution, and it has been used
extensively for probing the stability of BSA covered AuNP. 2,5,16,22-24 To our knowledge
application of BSA for monitoring the BSA adsorption kinetics has not been reported.
Fig. 2.3 shows the time-resolved LSPR spectra of the AuNP/BSA solutions, which
demonstrated that immediately following the BSA addition into as-synthesized AuNP,
the peak absorbance of the AuNP increased significantly, accompanying with a red-shift
of the LSPR peak. After the first ~10 mins or so of the sample preparation, there is
essentially no spectral modification in the LSPR feature, indicating that the BSA
adsorption is rapidly reach a steady state on the AuNPs.
The changes in the AuNP LSPR features may be induced by AuNP aggregation
and/or BSA adsorption. Subsequent DLS measurement reveals that the maximum
increment of the AuNPs exposed to BSA is about ~ 3.9 nm in radius, which is the
significantly smaller than one would expected from the AuNP aggregation. As a result
we concluded that the LSPR spectral change is induced by the binding of BSA onto
AuNPs.
To investigate the possibility using LSPR to estimate the binding affinity of BSA
onto AuNP, we studied the correlation between the BSA concentration and the AuNP
LSPR feature in the BSA/AuNP mixtures (Fig. 2.3B). Compared to the LSPR peak
positions, the LSPR peak absorbance correlates much better with the BSA concentration.
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The LSPR data in Fig. 2.3B showed AuNP peak absorbance reach a plateau when
concentration of BSA is equal or larger than 4 M, suggesting that BSA reaches
saturation adsorption at this concentration.

Figure 2.3

(A)The time course of the peak UV-Vis absorbance of LSPR spectra. Inset
is the representative time-resolved LSPR spectra of (AuNP/BSA). (B)
Correlation between peak absorbance of (AuNP/BSA) with BSA
concentration. (Inset) representative steady-state UV-Vis spectra of
(AuNP/BSA) solutions.

Notes: The concentration of AuNPs used in the analysis was 4.6 nM. The concentration
of BSA in ‘A’ was 5 µM. The concentrations of BSA in ‘B’ were changed from 10 nM to
50 M. All the LSPR spectra in ‘B’ were acquired after overnight incubation of the
(AuNP/BSA) solutions. Arrows in the insets indicates increasing (A) incubation time and
(B) BSA concentrations.
While the time-resolved LSPR measurements indicate that within ~10 mins
mixing of BSA with AuNP, the LSPR reaches a steady-state. The steady-state LSPR
measurements allow us to derive semi-quantitative information regarding the binding
affinities on the AuNP surfaces. Assuming the BSA adsorption onto AuNP follows
Langmuir isotherms, the results in Fig. 2.4B strongly suggested that the Langmuir
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binding constant between AuNP/BSA should be between 1 x 106 M-1 and 5 x 107 M-1. It
can be shown that if the binding concentration is equal or smaller than 1 x 106 M-1, the
BSA packing density on AuNP in the 4 M BSA sample will be about 20% lower than
that in the 50 M BSA solution. Such a difference would most likely induce notable
difference in the AuNP LSPR feature between these two samples. On the other hand, if
binding constant of BSA is higher than 5 x 107 M-1, the packing density of BSA on AuNP
should be largely the same between the 1 M BSA and 4 M BSA samples as the
amount of BSA in both solutions are sufficient for a full monolayer BSA backing on the
AuNPs,25 which would make the LSPR feature of these two samples identical.
Dynamic light scattering and quantitative BSA adsorption study
The time-dependent DLS measurements conducted with equal volume mixtures
of 10 M BSA and as-synthesized AuNP showed that immediately following the sample
preparation (the lead time for the DLS measurement is ~5 minutes for sample handling),
the particle size of the AuNP increases from 7.8  0.6 nm to 11.7  0.5 nm in the radius.
This 3.9 nm increment in the AuNP radius is consistent with recently reported data.22
Prolonged incubation (up to 2 days) has no detectable effect on the AuNP size (Fig. 2.4).
This result suggests that BSA reaches a steady-state adsorption onto AuNP reaches
within 10 minutes of the preparation of (AuNP/BSA) mixture under our experimental
conditions, which is consistent with the time-resolved LSPR result shown Fig.
2.3.However, quantitative BSA adsorption measurements conducted by centrifugation
precipitation of AuNP with the adsorbed BSA, reveals that aging increases the amount of
BSA adsorbed on the AuNP surfaces. The amount of BSA remains on centrifugation
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precipitated AuNP changes from 213 BSA per AuNP in the sample aged for 10
minutes to 283 BSA per AuNP in the overnight aged (10 hours) sample. Further aging
of the AuNP/BSA sample has no significant impact on the amount of BSA adsorbed (Fig.
2.5). The difference between the time-courses of BSA adsorption onto AuNP revealed by
the LSPR and DLS, and quantitative BSA measurements is likely due to the nature of
characterization techniques. While DLS and LSPR are in-situ techniques that do not
perturb the sample, the quantitative BSA adsorption measurement requires prolonged
centrifugation precipitation (90 mins) with relatively high centrifuge forces (9000 g) for
AuNP removal. It is possible that the binding of some of the freshly adsorbed BSA on
AuNPs is not strong enough to sustain the lengthy centrifugation process. As a result
they are dissociated from AuNP during the centrifugation process. In contrast, the
strength of the binding between BSA and the AuNP likely has no detectable effect on the
DLS and LSPR measurements. We hypothesize the higher BSA adsorption onto AuNP
in the aged samples is due to the aging-enhanced BSA stability on AuNPs, which is
consistent with the recent report that aging enhances the stability of protein corona on
AuNPs formed in serum plasma.22
The quantitative ligand adsorption allows us to determine packing density of BSA
on AuNPs. The nominal footprint of BSA on the AuNP, calculated using the amount of
the BSA adsorbed in the overnight aged (AuNP/BSA) sample is about 25 nm2/BSA,
which is significantly larger than 17.5 nm2/BSA reported previously by De Roe et al,26
but in agreement with the 27 nm2/BSA determined for BSA adsorbed on the citrated
adsorbed gold film.25Since native human serum albumin (an analog of BSA) can be
approximated as the equilateral triangular prism with thickness of 3 nm and side length of
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8 nm,7 our DLS particle size and BSA footprint analysis suggest that BSA most likely
lies flat on the AuNPs with a near full monolayer BSA coverage in the overnight aged
AuNP/BSA sample.

Figure 2.4

The DLS particle size of (squares) (AuNP/BSA) and (circles) (AuNP/H2O)
mixtures incubated for various times.

Figure 2.5

The number of BSA adsorbed on AuNP in the (AuNP/BSA) mixtures that
are aged for 5 minutes, 12 hours and 48 hours respectively.
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Figure 2.6

Photographs of solution of (1) (((AuNP/ H2O)/ AAT)/ H2O), (2)
(((AuNP/H2O)/AAT)/PBS), (3) (((AuNP/BSA)/AAT)/H2O) and (4)
(((AuNP/BSA)/AAT)/PBS).

Notes: The AAT is (A) MBI, (B) Cys, (C) Hcy, and (D) GSH. For sample (3) and (4),
the (AuNP/BSA) solution was aged for 24 hours before the addition of AAT. Pictures
were taken after the final component was added for 24 hours. Concentration of the
AuNP, BSA, and AAT are 2.3 nM, 2.5 µM, 8 µM respectively. The composition of PBS
used was 11.9 mM Na2HPO4, 137 mM NaCl, and 2.7 mM KCl.

Organothiol adsorption onto BSA stabilized AuNP
Regardless of the age of the BSA/AuNP solutions, the BSA covered AuNP
exhibits excellent stability in the organothiol and/or the electrolyte containing solutions
(Fig. 2.6), while as-synthesized AuNP aggregates rapidly in the organothiol and/or
electrolyte containing solutions.

Quantitative comparison of the amount of BSA

adsorbed onto the overnight aged (AuNP/BSA) mixture with and without subsequent
MBI addition (that is subsequently aged for another night) showed that the addition of
MBI has no significant effect on the amounts of BSA adsorbed (Fig. 2.7). This result is
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consistent with the literature report that GSH is incapable of displacing dye-labeled BSA
from the AuNPs.16

Figure 2.7

The amount of BSA adsorbed on AuNP in the overnight aged (AuNP/BSA)
mixtures with subsequent addition of (sample #1) MBI, or (sample #2)
H2O. BSA quantification was conducted after the final mixture was
prepared for 6 hours.

Importantly, the inability of organothiol displacing BSA on AuNPs does not
exclude the possibility of organothiol adsorption onto the BSA covered AuNPs. Such a
possibility has not, to our knowledge, been explored before. Our quantitative MBI
adsorption experiments, conducted with the ratiometric SERS method we recently
reported for MBI quantification,20 reveals that AuNPs retains ~80% of its MBI binding
capacity after the BSA stabilization (Table 2.1). This result, combined with our
quantitative BSA adsorption onto AuNP with and without subsequent MBI adsorption
indicates that even though BSA remain a near full packing on the AuNP, it passivate only
~20% of the AuNP surfaces, the rest of the surface is or can be made available for
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organothiol adsorption. The uptake of AATs by the BSA stabilized AuNPs was
indirectly confirmed with the reduced MBI uptake by AuNPs that were sequentially
mixed with BSA and competing AAT (Table 2.1). The sequential AAT and MBI
binding experiments indicate that some of the binding sites that would be available for
MBI binding in the BSA stabilized AuNPs are occupied by the competing AATs, which
reduces the MBI binding capacity of the AuNP.
Table 2.1

Quantitative MBI adsorption and DLS particle size of AuNP

Sample
(((AuNP/H2O)/H2O)/H2O)
(((AuNP/BSA)/H2O)/H2O)
(((AuNP/H2O)/H2O)/MBI)
(((AuNP/BSA)/H2O)/MBI)
(((AuNP/BSA)/Cys)/MBI)
(((AuNP/BSA)/Hcy)/MBI)
(((AuNP/BSA)/GSH)/MBI)

a

MBI (M)
NA
NA
5.7 ± 0.5
4.8 ± 0.5
1.8 ± 0.4
1.2 ± 0.3
3.5 ± 0.3

b

Particle size in radius
7.70.6
11.40.5
Aggregated
12.20.5
11.80.4
11.70.5
11.60.4

Note: The components in the inner parenthesis of (((A/B)/C)/D) were mixed first and
aged two hours before the addition of the third and fourth component. Concentrations of
the AuNP, BSA, MBI and AAT in the solutions are 2.3 nM, 2.5 M, 8 M and 8 M
respectively. aAdsorption of MBI was measured using the ratiometric SERS method after
the samples were incubated overnight at room temperature. bParticle size measured by
DLS.
Several lines of evidence support that the MBI adsorbed is directly attached onto
AuNP, but not on the BSA bounded to AuNPs. If MBI were bounded through BSA, the
amount of MBI adsorbed would be similar with the amount of BSA adsorbed. It is
deduced from our quantitative BSA and MBI adsorption results that the amount of MBI
adsorbed onto the BSA covered AuNP is 70 times higher than the BSA adsorbed (Table
2.2). Such high difference in the amount of BSA and MBI adsorbed is too high for the
possible MBI/BSA interactions. Other evidence of the direct MBI/AuNP interactions is
the complete quenching of the MBI UV-Vis absorbance upon its adsorption onto the
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BSA stabilized AuNP (Fig. 2.8), while the UV-Vis spectrum of BSA and MBI mixture is
additive of the BSA and MBI UV-Vis spectra. The AuNP quenching the UV-Vis
transition of surface adsorbates has been reported before,27 and it has attributed to the
charge-transfer between the surface adsorbate and AuNPs.28

Table 2.2

Calculation of the ratio of BSA and MBI adsorptions on AuNPs

Concentration of AuNPs (CGNP) = 2.3 nM
The number of BSA adsorbed on the overnight aged (AuNP/BSA) complex (NBSA) = 28
The total amount of BSA adsorbed on (AuNP/BSA) complex (CBSA) = 64 nM
The total amount of MBI adsorbed on (AuNP/BSA) complex (CMBI) = 4.8 Ma = 4800
nM
The ratio of BSA and MBI amounts adsorbed on AuNP surface (CMBI: CBSA) =
4800 nM : 64 nM = 75 : 1
a
Note: From Table 2.1
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Figure 2.8

(A) (blue) Additive spectrum of ((AuNP/BSA)/H2O) and ((MBI/
H2O)/H2O), (green) experimental UV-Vis spectrum ((AuNP/BSA)/MBI).
(B) (blue) Additive spectrum of ((BSA/H2O)/H2O) and ((MBI/ H2O)/H2O),
(green) experimental UV-Vis spectrum ((BSA)/MBI) /H2O).

Notes: Inset in (A): (black) UV-Vis spectra of ((MBI/H2O)/H2O), (red) the difference
spectra obtained by subtracting experimental spectrum of ((AuNP/BSA)/MBI) from the
additive spectra of ((AuNP/BSA)/H2O) and ((MBI/ H2O)/H2O). Inset in (B): (black) UVVis spectra of ((MBI/ H2O)/H2O), (red) the difference spectra obtained by subtracting
experimental spectrum of ((BSA)/MBI) /H2O) from the additive spectra of
((BSA/H2O)/H2O) and ((MBI/ H2O)/H2O). The concentrations of AuNP, BSA and MBI
used were 3.1 nM, 3.3 μM and 5 μM, respectively.
Kinetics of the MBI adsorption onto the BSA stabilized AuNPs
Taking advantage of AuNP adsorption quenching the UV-Vis absorption of MBI
and induces spectral change in the AuNP LSPR features, we studied the kinetics of the
MBI adsorption onto the BSA covered AuNP using the time-resolved UV-Vis spectrum
obtained with ((AuNP/BSA)/MBI) (Fig. 2.9). Importantly time-course of the UV-vis
change in the MBI adsorption region correlates very well with that of the AuNP LSPR
features, indicating that MBI adsorption further modified the AuNP LSPR features.
The possible effect of BSA concentration on the kinetics and amount of MBI
adsorption were investigated with ((AuNP/BSA)/MBI) solutions where the concentration
of AuNP and MBI were kept constant (3.1 nM, and 15 µM respectively), but the
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concentration of BSA is 3.3, 10, and 16.5 M respectively (Fig. 2.10 and Table 2.3 and
2.4). All the kinetic data of MBI adsorption were fitted empirically with two pseudo
first-order reaction functions (eqn. 2.1) where k1 and 1 refer to the rate constant, and the
amount of MBI adsorbed, respectively, for the faster, which is also the major process
responsible for the MBI adsorption.
M  1(1  exp(k1t ))  2 (1  exp(k2t ))

(2.1)

Aging of the AuNP/BSA complex reduces both the rate and the amount of MBI
adsorption (Fig. 2.10, Table 2.3 and 2.4). However, the time scale and the magnitude of
the aging effect on these two parameters are significantly different. While more than 10
folds reduction in the MBI adsorption constant ofk1 is observed within the first 5 minutes
of sample aging, it takes ~ 10 hours to produce detectable aging effect on the amount of
MBI adsorption(Table 2.3 and 2.4).
The independence of the rate and amount of MBI adsorption from the BSA
concentrations tested in the AuNP/BSA mixtures supports again a relatively high binding
constant (>106 M-1) between BSA and AuNP .26 If the binding constant between BSA
and AuNP is smaller than 106 M-1 as suggested in some recent works, the Langmuir
equilibrium packing density of BSA on the AuNP had to be significantly different among
the three (AuNP/BSA) samples tested (Table 2.3 and 2.4), which would inevitably
induce significant differences in the rates and amounts of MBI adsorption.
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Figure 2.9

(A) Representative time-resolved UV-Vis spectra of ((AuNP/BSA)/MBI)
complex. (B) The time-course of the change in the UV-vis absorbance of
MBI (black squares), and AuNP (red squares).

Notes: Insets in (A):(a) the zoom-in of the UV-Vis spectra in the region from 290 to 310 nm
where the MBI absorbs. (b) the zoom-in the region of the AuNP peak absorbance. Inset in (B):
Representative UV-Vis difference spectra obtained by subtracting the time-resolved UV-Vis
spectrum of ((AuNP/BSA)/MBI) from the control that is the additive spectra of
((AuNP/BSA)/H2O) and ((MBI/ H2O)/H2O). The arrow indicates the difference spectra of
increasing time. Concentration of AuNP, BSA and MBI are 3.1 nM, 3.3 µM, 15 µM,
respectively.

Figure 2.10

The kinetics of MBI adsorption onto (AuNP/BSA) complexes that are aged
(a-e) for 5 s, 10 min, 1 h, 48 h and 72 h, respectively.

Notes: Solid curves were obtained by fitting the kinetics data with two pseudo-first order reaction equations
(Eq. 1 in the text). The concentrations of AuNP and MBI were kept constant at 3.1 nM and 15 µM
respectively but the BSA concentrations were (A) 3.3 µM, (B) 10 µM, and (C) 16.5 µM.
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Table 2.3

Kinetics of MBI adsorption on (AuNP/BSA) complex

a

t
(min)

b

[BSA] = 3.3 M
b
k1 (s-1)
k2 (s-1)

b

[BSA] = 10 M
b
k1 (s-1)
k2 (s-1)

b

[BSA] = 16.5 M
b
k1 (s-1)
k2 (s-1)

0.08
4.6 ± 1.4
0.02 ± 0.01
10 ± 3.0
0.06 ± 0.02
10 ± 3.6
0.06 ± 0.02
0.25
3.8 ± 1.8
0.03 ± 0.02
5.9 ± 2.0
0.06± 0.01
5.6 ± 2.0
0.07 ± 0.001
1.00
4.0 ± 1.4
0.08 ± 0.02
3.8 ± 0.8
0.05 ± 0.02
4.4 ± 0.8
0.06 ± 0.001
5.00
0.3 ± 0.03
0.01 ± 0.001
0.3 ± 0.07
0.02 ± 0.01
0.3 ± 0.07
0.03 ± 0.02
10.00
0.2 ± 0.03
0.01 ± 0.001
0.2 ± 0.03
0.01± 0.001
0.2 ± 0.03
0.01 ± 0.001
30.00
0.2 ± 0.02
0.01 ± 0.001
0.2 ± 0.02
0.01± 0.001
0.2 ± 0.02
0.01 ± 0.001
60.00
0.1 ± 0.02
0.01 ± 0.001
0.1 ± 0.02
0.01± 0.001
0.2 ± 0.02
0.01 ± 0.001
720.00
0.1 ± 0.01
0.01 ± 0.001
0.1 ± 0.01
0.01± 0.001
0.1 ± 0.02
0.01 ± 0.001
2900.00
0.06 ± 0.01
0.01 ± 0.001
0.06 ± 0.01
0.01± 0.001
0.06 ± 0.01
0.008 ± 0.001
4300.00
0.05 ± 0.01
0.01 ± 0.001
0.05 ± 0.01
0.01± 0.001
0.05 ± 0.01
0.008 ± 0.001
Note: The components in the inner parenthesis of (((A/B)/C)/D) were mixed first and aged two hours
before the addition of the third and fourth component. Concentrations of the AuNP, BSA, MBI and AAT
in the solutions are 2.3 nM, 2.5 M, 8 M and 8 M respectively. aAdsorption of MBI was measured using
the ratiometric SERS method after the samples were incubated overnight at room temperature. bParticle
size measured by DLS.

Table 2.4
a

t (min)

Amount of the MBI adsorption obtained by fitting the kinetic data of MBI
adsorption onto (AuNP/BSA)
[BSA] = 3.3 M
c
1 (µM)
2 (µM)

b

[BSA] = 10 M
c
1 (µM)
2 (µM)

b

[BSA] = 16.5 M
c
1 (µM)
2 (µM)

b

0.08
4.9 ± 0.4
1.2 ± 0.2
3.5 ± 0.2
2.8 ± 0.3
3.5 ± 0.2
2.9 ± 0.3
0.25
4.7 ± 0.3
1.7 ± 0.5
3.5 ± 0.3
2.7 ± 0.1
3.3 ± 0.2
2.9 ± 0.3
1.00
4.5 ± 0.3
1.6 ± 0.2
4.1 ± 0.4
2.4 ± 0.2
4.1 ± 0.5
2.4 ± 0.3
5.00
4.6 ± 0.3
1.2 ± 0.2
4.2 ± 0.5
2.4 ± 0.2
4.6 ± 0.4
1.8 ± 0.3
10.00
4.5 ± 0.4
1.2 ± 0.2
4.9 ± 0.1
1.4 ± 0.2
4.8 ± 0.1
1.5 ± 0.3
30.00
4.5 ± 0.1
1.2 ± 0.1
4.8 ± 0.2
1.5 ± 0.2
4.7 ± 0.1
1.6 ± 0.3
60.00
4.2 ± 0.1
1.2 ± 0.1
4.4 ± 0.2
1.7 ± 0.2
4.5 ± 0.2
1.8 ± 0.3
720.00
3.4 ± 0.2
1.7 ± 0.2
3.7 ± 0.1
2.3 ± 0.1
3.5 ± 0.3
2.3 ± 0.3
2900.00
3.2 ± 0.2
1.7 ± 0.1
3.1 ± 0.1
2.4 ± 0.1
3.4 ± 0.2
2.3 ± 0.3
4300.00
3.4 ± 0.1
1.7 ± 0.1
3.2 ± 0.1
2.3 ± 0.1
3.2 ± 0.2
2.4 ± 0.3
Note: aAging time of (AuNP/BSA) complex before mixing with MBI. b,c The amount of MBI
adsorbed onto (AuNP/BSA) complex with the rate constant k1 and k2 respectively The
concentrations of AuNP and MBI are 3.1 nM and 15 µM respectively. Measurement results
calculated from three independent measurements.
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The near perfect fitting of the MBI kinetic data with the two-pseudo first order
reactions strongly suggests that the MBI adsorption can be approximated by two parallel,
first-order processes of different rate constants. Conceivably, MBI binding onto the BSA
covered AuNP is a two-step processes, the diffusion of MBI in bulk aqueous solution
(Mb) onto the AuNP surfaces (Ms), and the MBI /AuNP binding. While the average rate
of the MBI diffusion to the AuNP surfaces is dictated by the morphological features
(inter- and intra- protein spacing) of the BSA coating layer on AuNP, the rate of MBI
binding onto AuNP can be much more complicated and three different scenarios could
occur depending on the specific AuNP surface region to which MBI is bounded to.
Imaginably the surface of the BSA covered AuNP can be divided into three categories
(eqn 2.3 to 2.5): (i) void area SV, i.e. the AuNP surface on which there are no BSA amino
acid residues in direct contact, (ii) loosely bounded area SL, i.e the area on which BSA
amino acid residues are in directly contact, but the binding between the BSA and gold is
not strong enough against MBI organothiol displacement, and (iii) tightly bounded area
ST where binding between the BSA amino acid residues with AuNP is strong enough
against MBI displacement. Since the binding between MBI and ST is impossible (kT = 0),
thus MBI binding onto BSA covered surface can be characterized as combination of MBI
adsorption onto SV and SL.
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Step 1:

kd
M B 
 MS

(2.2)

Step 2:

kV
M S  SV 
 M S SV

(2.3)

kL
M S  S L 
 M S SL

(2.4)

kT
M S  ST 
 M S ST

(2.5)

Figure 2.11

The time course of MBI adsorption onto naked AuNPs. The concentration
of AuNP and MBI used were 2.7 nM and 3.0 M respectively.

Since MBI binding to naked AuNP is an exceedingly rapid process (90% of the
ligand adsorption is completed within seconds) (Fig. 2.11), the rate limiting process for
MBI binding to Sv is likely dictated by kd, the rate constant of MBI diffusion through the
BSA coating layer onto AuNPs. However, the overall rate constant for MBI binding to
SL is likely dictated by kL, the rate constant of MBI displacing the loosely bounded BSA
amino acids.
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The plausible assignment of the experimental (k1, 1) and (k2, 2) to the MBI
adsorption process onto SV and SL was made on the experimental data in Table 2.3.
Conceivably aging should have significant effect on the kd value as any aging-induced
additional BSA adsorption and BSA spreading on the AuNPs would significantly reduce
the kd value. In contrast, the effect of aging on the kL value should be relatively small as
the strength of the loosely bounded BSA amino acids and AuNP unlikely have
significantly changed with aging, even though the number of the loosely bounded amino
acids on the AuNP can change. On the basis of these consideration, we hypothesize that
the rate constants and the adsorption capacities of (k1,1 )and (k2, 2) correspond to the
processes of MBI adsorption to SV and SL respectively.
Using the theoretical saturation packing density of the 600 pmol/cm2 for MBI on
naked AuNP,29 it is deduced from the data in Table 2.4 that the fraction of the AuNP
surface areas (ST) passivated by the BSA coating layer increases from 20% in the
freshly prepared sample to ~30% in the fully aged samples (70 hours or more). Since
both the DLS and LSPR data indicate that BSA adsorption is largely completed within
the first 10 minutes of the BSA mixing with AuNP, the only sensible explanation of the
slow, but significant (50%) increment in the fraction of the BSA passivated AuNP
surface is that with aging, the adsorbed BSA spreads and forms more anchoring points on
the AuNP surface that are stable to MBI displacement. It is important to note however,
even in the most aged (AuNP/BSA) sample, there is still a large fraction of AuNP surface
remains void or loosely bounded to BSA amino-acid residues that allow subsequent MBI
adsorption with large capacity.
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The fact that there is still notable aging effect on MBI adsorption in the two-day
aged BSA/AuNP mixtures indicates that BSA deformation on the AuNP is a long-lasting
process. Evidently if BSA had reached an equilibrium conformation on the AuNPs in the
two-day aged sample, the MBI binding kinetics and capacity would be the same for the
AuNP/BSA samples that are aged 2 days or more. The ability for BSA to change
structure on the AuNP has significant implication of the BSA structure on the AuNP
surface. Although BSA is “harden” in terms of its stability on the AuNP surface, it
remains “soft” enough in undergoing additional structural modification on AuNP and
allowing organothiol to penetrate and be adsorbed onto the AuNP surface.
Important insight about the binding characteristics between BSA and AuNP can
be drawn on the basis of the amount of MBI adsorption onto the BSA stabilized AuNPs
(Table 2.4). Although BSA has a nominal footprint of 25 nm2/protein on the AuNPs in
the fully aged (AuNP/BSA) mixtures (aged one day or more), the BSA passivate only 9
nm2 of the AuNP surface against MBI adsorption in the 72 hours aged sample. The rest
of the surface is either void (~10.6 nm2) or linked to loosely bounded BSA amino acids
that can be replaced by MBI (~ 5.3 nm2), as estimated from amount of MBI adsorbed in
(Table 2.4 ). Taking into consideration of the fact that the average van der Waals radius
for the amino acids is 3.3 Å,30 and the necessary spacing between different protein
anchoring points, this 9 nm2passivated surface indicates that for each adsorbed BSA,
number of the amino acid residues that can be in direct contact with AuNP should be
significantly smaller than 26. This conclusion is consistent with a NMR study of
ubiquitin bounded onto AuNPs which shows there are only five amino acids residues
involving in the AuNP/protein interaction.31
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Figure 2.12

The Proposed mechanism of the effect of aging on BSA structure on
AuNP.

Taking all the experimental results into consideration, we proposed that the
following mechanism regarding structural evolution of the BSA on the AuNPs and its
impact on its subsequent organothiol adsorption (Fig. 2.12). When BSA is initially
adsorbed onto the AuNPs, the inter- protein spacing between the surface adsorbed BSAs
is likely high. As a result MBI can penetrate rapidly through the BSA coating layer and
be adsorbed onto the AuNPs. However, with aging, the adsorbed BSA spreads on AuNP,
which on one hand increases the BSA stability on the AuNP, it on the other hand reduces
the speed and quantity of the subsequent organothiol adsorption of the BSA covered
AuNPs. It is important to note however, even for the most aged (3-days) AuNP/BSA
sample, there is still a large amount of void space between the AuNP and BSA coating
layer , and the protein coating layer remains highly permeable. Indeed, the data in Fig.
2.10 showed that for all the samples tested, over 80% MBI adsorption occurs within the
first 5 minutes of MBI mixing with (AuNP/BSA) complex (Table 2.4).
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Conclusions
Using organothiol MBI as a molecular probe, in combination of time-resolved and
static LSPR, DLS and quantitative BSA measurement, we found that BSA interaction
with AuNP is an exceedingly lengthy process. While the BSA adsorption per se is rapid
and is largely completed within 10 minutes of the sample preparation, the conformational
modification lasts at least for two days. Even though BSA forms a nearly full monolayer
packing on AuNP, it passivate only a small fraction of the AuNP surfaces against further
organothiol adsorption. In addition, to shed critical new insights on the morphological
feature and structural evolution about protein on AuNPs, the learning from this
organothiol adsorption study also has significant implication for AuNP applications. For
example, the ability of the protein covered AuNP in uptaking organothiols with high
binding capacity open a convenient avenue for fabrication of multi-component (nano, bio
and organo) composite material that can be exploited in AuNP applications including
nanoparticle drug delivery, nano/bio material fabrication, and biosensor development.
This finding also raises new nanotoxicity concern of the AuNPs. Given the biological
significance of the amino acid thiols to human health,32,33 and their relative high
abundance in biofluids including serum plasma, the possibility of the inclusion of
organothiol in the protein covered AuNPs and its potential impact on the properties on
the AuNP/protein complex should not be overlooked in biological/biomedical
applications of AuNPs.
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CHAPTER III
SIMULTANEOUS AND SEQUENTIAL PROTEIN AND ORGANOTHIOL
INTERACTIONS WITH GOLD NANOPARTICLES

Abstract
Protein and organothiols (OTs) are known to have high affinity to gold
nanoparticles (AuNPs). Systematic investigation of co-adsorption of a protein and an
organothiol with AuNPs is, however, mostly an unexplored area. Presented here is a
comparison of simultaneous and sequential protein and OT interactions with AuNPs in
which a protein and an OT are either simultaneously or sequentially added into colloidal
AuNPs. Using bovine serum albumin (BSA) as the model protein, and eight model
organothiols, both the protein and the OT were co-adsorbed onto the AuNPs in all the
samples formed by sequential and simultaneous addition. The AuNP stability against OTadsorption-induced AuNP aggregation differed significantly among the AuNP/OT and
AuNP/BSA/OT mixtures. The stability of AuNPs in the AuNP/BSA/OT mixtures with
the same compositions increased from (AuNP/OT)/BSA to AuNP/(BSA/OT), and finally
(AuNP/BSA)/OT (where the two components inside the parenthesis are mixed first
followed by the addition of the third component). This sequence dependence of AuNP
stability indicates that protein and OT co-adsorption onto AuNPs is kinetically controlled.
The work is important for AuNP biological/biomedical applications because in a biofluid
AuNPs encounter a mixture of proteins and OTs, in addition to other molecular species.
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Introduction
Understanding molecular-level ligand interfacial interactions with gold
nanoparticles (AuNPs) is critically important for many AuNP applications in biosensing,
drug delivery, catalysis, etc.1,2 Proteins and organothiols (OT) are known to have high
binding affinities to gold nanoparticles,3,4 and they are used extensively for AuNP surface
modifications to improve functionality, stability, target specificity, or reduce the AuNP
toxicity in biological/biomedical applications.1,2 It is widely accepted that OT binding to
AuNP occurs through the formation of covalent Au-S bonds,3 but the exact mechanism of
protein interaction with AuNP is much less understood. For example, a binding constant
from ~ 105 to 1011 M-1 has been reported for BSA binding with AuNPs,5-8 one of the most
extensively studied protein/AuNP binding model. Proteins are biomacromolecules with
diverse structure and functions. Therefore, the binding of protein with AuNPs most likely
involves multiple intermolecular forces including covalent binding, electrostatic,
hydrophobic, and van der Waals interactions.9-12 Some researchers attribute BSA
interactions with citrate-reduced AuNPs mainly to electrostatic interactions via the
positively charged lysine groups with the negatively charged citrate-coated AuNPs9,10 and
others suggest the binding occurs through covalent interactions of cysteine sulfur groups
and the AuNP surface.6,11
We have recently studied OT interactions with BSA-stabilized AuNPs to enhance
understanding of protein/AuNP interactions.13 Protein coating layer was found to be
highly porous and permeable. Small molecules such as mercaptobenzimidazole (MBI),
cysteine (Cys), homocysteine (Hcy), and glutathione (GSH) were shown to diffuse
through the protein coating layer and self-assemble onto AuNPs.13 Importantly, the
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subsequent OT adsorption onto the protein-coated AuNP doesn’t induce any significant
protein desorption even after three days of sample incubation.13 This result implies that
the BSA binding affinity between protein and AuNP is at least comparable to that of
AuNP/OT binding, suggesting BSA cysteine residues are binding with AuNPs.
Otherwise, one would expect that OT should displace BSA from the AuNPs if the BSA
and AuNP binding involves only nonspecific electrostatic interactions. However, the
displacement of Au-S covalently adsorbed ligands on AuNPs is an extremely slow
process and often requires elevated temperatures.14,15

Figure 3.1

The chemical structures of (TG) 6-thioguanine, (6MP) 6-mercaptopurine,
(2MP) 2-mercaptopurine, (DTP) dithiopurine,(MBI)
mercaptobenzimidazole, (Hcy) homocysteine, (Cys) cysteine, and (GSH)
glutathione.

Herein we reported the simultaneous and sequential BSA and OT binding to
AuNPs. A protein and an OT were added simultaneously or sequentially into the colloidal
AuNP solution. A key focus of this study explored how the sample preparation sequence
affects the properties of the AuNP/BSA/OT samples. Addressing this question enriches
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our knowledge of multicomponent ligand interactions with AuNPs, which has practical
applications. In realistic biological/biomedical applications, AuNPs encounter a complex
mixture including proteins and OTs, not OTs or proteins alone.16 Thus, knowledge of the
structure and properties of AuNPs in protein/OT mixtures can be critical for designing
biocompatible AuNP for biological/biomedical applications.
In this study four thiopurines (TPs) were used as our model OTs in addition to
MBI, Cys, Hcy, and GSH, the OTs that we used for studying the sequential OT and BSA
interactions with AuNPs.13The inclusion of these different OT classes allows evaluation
of how OT structure affects their competitive binding to AuNPs versus BSA. The chosen
thiopurines, thioguanine (TG), 6-mercaptopurine (6MP), 2-mercaptopurine (2MP), and
dithiopurine (DTP), differ in the position and the number of thiol or amino groups, the
functional group known to have high binding affinity to AuNPs (Fig. 3.1). The samples
used in this work were denoted as (AuNP/OT)/BSA, AuNP/(BSA/OT), and
(AuNP/BSA)/OT where the components in the inner parenthesis were added first
followed by the third component.
Experimental section
Materials and Equipment: All the chemicals used were purchased from
Sigma−Aldrich. BSA with a purity of 97% (lot # 064K1251) was used as received.
Nanopure water (ThermoScientific) was used in all measurements. The stock solutions of
the thiopurine derivatives were freshly prepared as prolonged storage (more than 1 day)
induces change in the UV-vis absorbance of these solutions, indicating sample
degradation. Time-resolved UV−Vis spectra were acquired using an Olis HP 8452 diode
array spectrophotometer.
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AuNP synthesis: AuNPs were synthesized using the citrate reduction method as
described previously.13 Gold (III) chloride trihydrate (0.0415 gm, 0.105 mmol) was
dissolved in 100 ml of distilled water and refluxed with vigorous stirring. Then, 10 ml of
aqueous 1.14 % (w/v) sodium citrate dehydrate was added to the solution after reflux was
reached and refluxing was continued for 20 min. The average AuNP size was ~ 13 nm in
diameter with peak UV-vis absorption centered at 519 nm.13 The concentration of AuNPs
was calculated as 11.1 nM by assuming that all gold(III) ions were reduced to gold(0).
This was consistent with the AuNP concentration estimated using the UV-vis absorbance
of the as-synthesized AuNPs.
Time-resolved UV-vis: The time-resolved UV-vis spectra of AuNP/(BSA/OT),
(AuNP/BSA)/OT and (AuNP/OT)/BSA samples were acquired immediately after the
addition of final component into the solution. The spectral acquisition of
AuNP/(BSA/OT) was continued for a period of 15 h with a time delay of 10 min between
each acquisition. The time-resolved UV-vis spectra for the (AuNP/BSA)/OT and
(AuNP/OT)/BSA samples were acquired at different time intervals for a period of 3 days.
The integration time for each time-resolved UV-vis was 2 s.
Surface enhanced Raman spectroscopy (SERS): SERS spectra were acquired after
depositing a 10 L aggregated sample of AuNP/OT on a Ramchip slide. A Ramchip
slide is a normal Raman substrate that has essentially no fluorescence or Raman
background.17 AuNP/DTP was aggregated by adding 20% KCl. SERS spectra were
acquired after focusing the laser onto the settled AuNP aggregate using a 10X objective.
An integration time of 20 s and a HeNe laser of power 1.3 mW were used for all the
samples. Five measurement replicates were acquired for each sample.
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Flocculation Study of AuNP/(BSA/OT) and AuNP/OT samples: A 500 L
BSA/OT mixture was added to 250 L of AuNP colloidal solution followed by
incubation for 2 min. A 250 L 20% KCl aqueous solution was then added to initiate the
flocculation. The UV-vis spectrum was acquired immediately after the KCl addition.
Similar experiments were done for AuNP/OT mixtures with no BSA which served as
control samples. The nominal concentrations of AuNP, BSA, and OT in these samples
were 2.8 nM, 2.5 M, and 12.5 M, respectively.
Results and discussions
Simultaneous BSA and OT interactions with AuNPs (AuNP/(BSA/OT))
The AuNP stability against aggregation induced by ligand adsorption in the
AuNP/OT and AuNP/(BSA/OT) samples was monitored using time-resolved UV-vis
measurements. Previous research established that AuNP localized surface plasmonic
resonance (LSPR) absorbance is sensitive to both AuNP ligand binding and AuNP
aggregation.4,9,18-21 The spectral change in AuNP LSPR features induced by AuNP
aggregation is much more pronounced compared to that induced by ligand adsorption that
usually shifts the peak LSPR wavelength by several nanometers. AuNP aggregation can
red-shift the AuNP peak UV-vis wavelength by tens of nanometers.
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Figure 3.2

Time-resolved UV-vis spectra of AuNP/(BSA/OT) samples.

Notes: In each panel, plot A to C are for AuNP/(BSA/OT), and plot D to F are for
AuNP/OT in which no BSA is used. The OT concentration is (A, D) 3.3 M, (B, E) 16.6
M, and (C, F) 30 M, respectively. The concentrations of AuNP and BSA were 3.7nM
and 3.3 μM, respectively.
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When the freshly synthesized AuNP is mixed with BSA alone, the AuNPs’ LSPR
peak is immediately shifted from 519 nm to 524 nm. The AuNPs in the AuNP/BSA
mixture remain stable (no aggregation) during the entire 3-days experimental period (data
not shown). This observation is consistent with our recent report,13 and it indicates that
BSA has bonded to AuNPs. However, when mixed with OTs, or BSA/OT mixtures,
AuNPs exhibit a wide stability range against the OT-adsorption induced aggregation.
Fig. 3.2 shows the time-resolved UV-vis spectra obtained with all the AuNP/OT and
AuNP/(BSA/OT) samples. AuNP aggregation in some of the samples was evident by the
immediate increase in the AuNP UV-vis absorbance at wavelengths larger than 650 nm.
Extensive aggregation led to AuNP settlement to the bottom of the UV-vis cuvette, as
evident by the total disappearance of the AuNP LSPR features. Fig. 3.3 shows plots of
the UV-vis absorbance at 650 nm versus time extracted from the time-resolved UV-vis
spectra in Fig. 3.2. For the sake of clarity, only the UV-vis time-courses of the AuNP/OT
and AuNP/(BSA/OT) samples where AuNPs aggregated upon the ligand adsorption are
shown in Fig. 3.3.
The two most important parameters in the samples used in Fig. 3.2are the OT and
BSA concentrations. The amount of the BSA added onto the AuNPs exceeded the full
monolayer BSA binding capacity for the AuNPs, assuming the footprint of each BSA
molecule on AuNPs to be 25 nm2.13 The 3.3, 16.6, and 30 M OT concentrations in the
AuNP solutions correspond to 0.4, 2.1 and 3.7 times of the full monolayer packing
capacity of the AuNPs, which was estimated by assuming that each of the OTs has a
similar footprint to MBI on AuNP.22 The inclusion of different amounts of these OTs
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allows exploration of how OT concentration affects the competitive BSA/OT binding
with AuNPs.

Figure 3.3

The UV-vis absorbance at 650 nm versus time for aggregated (filled
circles) AuNP/(BSA/OT) and aggregated (open circles) AuNP/OT samples.

Notes: The OT concentrations are (blue) 3.3 M, (red) 16.6 M and (black) 30 M,
respectively. The legends show the OT samples in Fig. 3.2 to which the time-courses
correspond. The concentration of AuNP and BSA were 3.7 nM and 3.3 μM,
respectively.

The stability of the AuNPs against aggregation when OTs are adsorbed depends
critically on the OT molecular structures and concentrations. The AuNP/OT and
AuNP/(BSA/OT) solutions are stable when the OT is present below the full monolayer
packing capacity for 6MP, 2MP, Hcy and Cys. However, when the OT concentration
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exceeds full monolayer capacity, the AuNPs in these samples exhibited a different degree
of aggregation. OT interactions with AuNPs have been a topic of intensive research.3,23
However, few studies exist of the OT concentration dependence of the stability of AuNPs
with the ligand adsorbed.24,25 In addition, cross-comparison of the aggregation
characteristics of AuNPs with bound OTs for relatively large numbers of different OTs
has, to our knowledge, not been reported.
The OT adsorption onto AuNPs was experimentally confirmed for all the
(AuNP/OT) samples: The OT adsorption in the AuNP/OT samples in which AuNP
aggregated should be inferable from the AuNP aggregation upon OT addition. Even
though AuNPs in DTP and GSH containing solutions are entirely stable regardless of the
OT concentrations, the OT adsorption in these solutions can be deduced from the increase
in the AuNP LSPR peak absorption wavelength when AuNPs are mixed with DTP or
GSH (Fig. 3.4). Similarly, the interactions of 6MP, 2MP, Hcy, and Cys at submonolayer
concentrations on the AuNPs is also inferred from the increase of the LSPR peak
absorption of the AuNPs upon the addition of OTs (Fig. 3.4). In addition, TG, MBI,
2MP, 6MP, and DTP adsorption onto the AuNPs was also confirmed with SERS
measurements (Fig. 3.5).
TG and MBI are the most effective of all the OTs at inducing AuNP aggregation
and settlement. Complete AuNP aggregation and settlement were observed even when
only submonolayer concentrations of MBI and TG were added into the AuNP/OT
solutions. The AuNPs in the AuNP/Hcy and AuNP/2MP samples are stable as colloidal
solutions at submonolayer OT concentrations, but when mixed with excess ligand
concentrations they aggregated and eventually settled (Plots III and VI in Fig. 3.2). The
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stability of the AuNPs which had adsorbed Cys is somewhere between that of AuNPs
with GSH and Hcy. AuNPs with submonolayer concentrations of Cys are stable in
solution, but degree of AuNP aggregation appears if excess Cys is present in solution.
However, the extent of the AuNP aggregation is so subtle that it is elusive to visual
examination as the solution remains pinkish after storing for three days (data not shown).
This may explain why some previous reports stated that the AuNPs are stable in Cyscontaining solutions.26,27

Figure 3.4

UV-vis spectra of (black) AuNPs alone and (red) AuNP/OT samples.

Notes: The Inset in AuNP/2MP panel shows a zoom-in of the AuNP LSPR region
centered around 520 nm. The concentrations of AuNPs and OTs used were 3.7 nM, and
3.3 M, respectively.
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Despite their structural similarities, the thiopurine derivatives differ significantly
in their ability to induce AuNP aggregation. While submonolayer TG concentrations
induce immediate AuNP aggregation, AuNP/DTP samples are stable even when the DTP
concentrations are three times higher than the full AuNP monolayer packing capacity.
The stabilities of the 6MP and 2MP-coated AuNPs are somewhere between those of TG
and DTP. Submonolayer 2MP and 6MP coated AuNPs were mostly stable in solution,
but excess 2MP and 6MP both cause AuNP aggregation. Additionally, settlement occurs
in case of 2MP. The ability of these thiopurine derivatives to induce AuNP aggregation
and settlement follows the order TG > 6MP > 2MP > DTP.

Figure 3.5

SERS spectra of AuNP/TG, AuNP/6MP, AuNP/2MP, AuNP/DTP, and
AuNP/MBI samples.

Notes: The AuNP and OT concentrations used were 3.7 nM, and 16.6 M, respectively.

Attempts to probe the specific mechanism responsible for the differences in the
aggregation characteristics when thiopurine derivatives were added into AuNPs were not
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successful. The stability of the ligand-coated AuNPs should relate to the ligand structure,
composition, and packing density on the AuNP surfaces, as well as all the possible
interparticle interactions among the OT-functionalized AuNPs. Unfortunately
determination of these parameters has not yet been possible. Each of the tested
thiopurine derivatives can exist as multiple tautomeric/ionic forms in solution and when
adsorbed to AuNPs. For example, neutral DTP in solution alone has over ten possible
tautomeric forms.28 Thiopurines can bind monodentately as thione, thiol, and/or thiolate
forms when adsorbed to the AuNP surfaces or bidentately or multivalently with gold
where both nitrogen and sulfur atoms are in direct surface contact. This further
complicates the determination of the thiopurine structure and compositions on AuNPs.
Nevertheless, the drastically different AuNP stabilities among the thiopurine derivative
solutions indicate the AuNP aggregation is very sensitive to small structural modification
in the surface-bound ligand structures. This conclusion is also consistent with the
significant difference in the AuNP stability between the Cys and Hcy samples.
The effect of BSA in stabilizing AuNP against aggregation due to OT adsorption
is drastically different for different OTs. This is revealed by comparing the time resolved
UV-vis spectra of AuNP/(BSA/OT) samples with their respective AuNP/OT controls
(Fig. 3.2). Among all the OTs tested BSA is most effective in preventing MBI and 2MP
from causing AuNP aggregation and settlement. In other words, BSA is the dominant
ligand determining the AuNP aggregation characteristics in AuNP/(BSA/MBI) and
AuNP/(BSA/2MP) samples. For TG, 6MP, Cys, and Hcy, the presence of BSA only
reduces the rate and extent of the AuNP aggregation (Fig. 3.2 and 3.3), but does not
prevent the AuNP aggregation. The OTs are the dominant ligands in determining AuNP
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aggregation characteristics of these AuNP/(BSA/OT) samples. The AuNP stability in the
AuNP/(BSA/DTP) and AuNP/(BSA/GSH) samples are expected because AuNPs are
stable when mixed with either of the components.

Figure 3.6

UV-vis spectra (black) (AuNP/(BSA/OT))/KCl and (red) (AuNP/OT)/KCl
samples.

Notes: The OTs used in plots A and B are DTP and GSH, respectively. Inset:
photographs of (a) (AuNP/(BSA/OT))/KCl and (b) (AuNP/OT)/KCl solutions taken 1
min after addition of 250L KCl to the 750L AuNP/(BSA/OT) or AuNP/OT solutions.
The concentrations of AuNPs, BSA, and OT in the samples before KCl additions were
3.7 nM, 3.3 M, and 16.6 M, respectively. The initial concentration of KCl was 20 %
(w/v).

Several results indicated that OT and BSA coadsorbed onto AuNPs in all the
AuNP/(BSA/OT) samples. The OT and BSA co-adsorption onto AuNP was self-evident
because the amount or rate of aggregation of AuNP/(BSA/OT) samples were markedly
different from AuNP mixed with BSA alone or with OT alone for TG, 6MP, 2MP,
MBI,Hcy, and Cys containing samples. The BSA adsorption in the AuNP/(BSA/DTP)
and AuNP/(BSA/GSH) samples were experimentally confirmed by the flocculation
study, which showed the presence of BSA further enhances the AuNP stability against
62

electrolyte (KCl) induced aggregations (Fig. 3.6). DTP or GSH adsorption onto the
AuNP in their respective AuNP/(BSA/OT) samples was deduced from quantitative MBI
adsorption experiments. These showed that the amount of MBI adsorbed onto AuNPs is
significantly smaller in the (AuNP/(BSA/DTP))/MBI, (AuNP/(BSA/GSH))/MBI than
that in the (AuNP/BSA)/MBI samples (data not shown). OT co-adsorption with BSA
onto AuNPs is not surprising based on the recent experimental observation of OT
adsorption onto AuNPs even when the OT is added after BSA has been mixed with
AuNPs.13

Figure 3.7

Schematic representation of the three possible architectures of BSA and OT
co-adsorption onto AuNPs.

Notes: (A) Both BSA and OT are directly adsorbed onto AuNPs, (B) OTs are directly
adsorbed on AuNPs, but BSA is adsorbed through the OTs over layer on AuNPs. (C)
BSA is directly adsorbed on AuNPs, but OTs are adsorbed through BSA over layer on
AuNPs.
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There are three possible architectures for the BSA and OT co-adsorbed onto the
AuNPs (Fig. 3.7). The first is that all the protein and OT on the AuNPs are directly linked
to AuNPs through the formation of covalent sulfur-Au bond. The second is the protein
adsorption onto the OT over layer on the AuNP surface, and finally the OT adsorption
onto the BSA over layer on AuNPs. These three architectures may present
simultaneously for BSA and OT on the same AuNP surfaces. While the amount of BSA
or OT directly bounded to AuNPs unlikely differ significantly among the
AuNP/(BSA/OT) samples that has the same nominal compositions, the likelihood for the
secondary BSA or OT adsorption in the AuNP/(BSA/OT) samples, i.e, the ligand
adsorption through association the OT and BSA over layer on AuNPs should depends
critically on OT structure. The secondary ligand binding should have significant impact
on whether BSA or OT is the dominant ligand in determining the AuNP stability in the
AuNP/BSA/OT) samples.
Sequential OT and BSA interactions with AuNPs ((AuNP/OT)/BSA)
The possible secondary BSA adsorption onto AuNPs with adsorbed OT was
probed by examining the stability of (AuNP/OT)/BSA samples in which BSA was added
10 s after first mixing AuNPs with excess OTs (Fig. 3.8). Our presumption is that if there
is substantial secondary BSA adsorption, the stability of AuNPs the (AuNP/OT)/BSA
samples should resemble AuNPs in AuNP/BSA. Otherwise the AuNPs in
(AuNP/OT)/BSA should aggregates similarly as in AuNP/OT. The delay time between
BSA and OT mixing was determined by two considerations. On one hand the delay time
should be long enough so that OT adsorption is mostly completed before BSA addition to
eliminate the direct BSA adsorption onto AuNPs. On the other hand, the delay time
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should be short enough to prevent excessive AuNP aggregation induced by OT
adsorption. Otherwise the aggregates AuNP will settle to the bottom of the cuvette
regardless of the status of BSA adsorption. Our recent work13on MBI adsorption onto
AuNP showed that OT adsorption onto AuNP is an exceedingly rapid process. Over 90%
of MBI adsorption occurs within the first 2 s of the mixing 16.6 µM MBI with
AuNPs.13The 10s’ delay time in this work between the OT and BSA addition should be
sufficient to ensure complete OT adsorption (>95% for example) onto AuNPs before the
addition of the BSA.
Time-resolved UV-vis spectra (Fig. 3.8) showed that the subsequent BSA
addition has no significant effect on the AuNP aggregation for AuNP/TG, AuNP/6MP,
and AuNP/Hcy samples. However, delayed BSA addition stopped almost all OTadsorption induced AuNP aggregation. in the AuNP/MBI, AuNP/2MP. This result
unambiguously indicates the BSA binding occurs with MBI- and 2MP-coated AuNP
because without the subsequent BSA addition, the MBI or 2MP would cause complete
AuNP aggregation and settlement (Fig. 3.2). Since AuNP surfaces are likely fully to be
packed with MBI and 2MP before the BSA addition, the only sensible explanation for the
BSA adsorption in (AuNP/MBI)/BSA and (AuNP/2MP)/BSA solutions is secondary
BSA adsorption, i.e. the BSA adsorption onto the MBI or 2MP over layer on the AuNPs.
BSA displacement of pre-adsorbed MBI or 2MP is excluded because it is well known
that displacing OTs from AuNPs is an extremely slow process, often requiring elevated
temperature.14,15
Regardless of whether MBI binds to AuNPs as a thione or thiolate, the distal end
of MBI on AuNP is a phenyl ring.29 Assuming all OTs are also adsorbed onto AuNPs
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through Au-S bond, the distal ends of the adsorbed TG, 6MP, 2MP and DTP are more
hydrophilic due to the presence of amino groups compared to the distal end phenyl group
of MBI adsorbed on AuNP. Thus, the BSA adsorption onto the MBI-covered AuNPs
should be easier than to AuNPs covered with other tested OTs, as it is known that BSA
has high binding affinity to Au surface functionalized with hydrophobic
molecules.30,31However, the exact reason why BSA can stop the aggregation of AuNPs
coated with 2MP, but not when coated with TG and 6MP is currently unclear.
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Figure 3.8

Representative time-resolved UV-vis spectra of several (AuNP/OT)/BSA
solutions where BSA was added 10 s after OT addition to AuNPs.

Notes: The spectra shown in each panel were taken at 7 s, 30 s, 1 min, 10 min, 2 h, 12 h,
1 day and 3 days after the addition of BSA. The concentrations of AuNP, OT and BSA
used in all six systems were 3.7 nM, 16.6 µM and 3.3 µM, respectively.

The similar AuNP aggregation behavior of the AuNP/(BSA/OT) sample in Fig.
3.2 and its corresponding (AuNP/OT)/BSA sample in Fig. 3.8 strongly suggests that
secondary BSA adsorption is the reason for the high AuNP stability in the
AuNP/(BSA/MBI) and AuNP/(BSA/2MP) samples. Otherwise, extensive AuNP
aggregation would occur in these two samples where MBI and 2MP were ~5 and ~10
times more concentrated than BSA. In these samples the OT should dominate the
immediate AuNP surface coating layer.
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Sequential BSA and OT interactions with AuNPs ((AuNP/BSA)/OT)

Figure 3.9

Representative time-resolved UV-vis spectra of (AuNP/BSA)/TG samples
in which TG was added after aging AuNP/BSA mixtures for 5min, 12 h, 1
day and 3 days, respectively.

Notes: The spectra shown each panel were taken at 7s, 30s, 1min, 10min, 2 h, 12 h, 1 day
and 3 days after the addition of TG. The (black) AuNP UV-vis spectrum is also shown in
each plot. The concentrations of AuNP, BSA and TG used in the analyses are 3.7 nM, 3.3
M, and 16.6 M, respectively.

The sequential interactions of BSA and OT with AuNPs were recently studied
using MBI and aminoacid thiols as example OTs.13 All the OTs tested was adsorbed onto
to BSA-coated AuNPs. However, only MBI was used in the aging experiments that we
designed to study OT adsorption kinetics and AuNP stability in (AuNP/BSA)/OT
samples.13 In that study, AuNPs remained stable against aggregation in all cases
regardless of whether the AuNP/BSA mixture was aged for 5 s or 2 days before MBI
addition. This was attributed to the high binding affinity of BSA with AuNPs. It may
also be due to the secondary BSA adsorption in the (AuNP/BSA)/MBI sample in light of
the finding that BSA can adsorb onto AuNP via the MBI over layer. In this work, AuNP
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stability in (AuNP/BSA)/TG solutions was studied in which TG was added into the
AuNP/BSA mixtures which had been preaged for 5 min, 12 h, 1 day, and 3 days,
respectively (Fig. 3.9).Since the possibility of significant secondary BSA adsorption onto
TG adsorbed AuNP is excluded, the studying of the aging effect of (AuNP/BSA)/TG on
the AuNP stability should be well suited for probing the BSA stability on AuNPs.
Several observations are noteworthy: First, TG adsorption onto the BSAstabilized AuNPs is evident by the drop in TG’s UV-vis absorbance with increasing
(AuNP/BSA)/TG incubation time. This occurred regardless of the (AuNP/BSA)
mixture’s age. This UV-vis quenching of the TG absorption upon adsorption onto AuNPs
is consistent with our recent observation with MBI.13 This is attributed to charge-transfer
between the surface adsorbate and AuNPs.32,33 Second, (AuNP/BSA)/TG solution
samples are mostly stable, even when (AuNP/BSA) is aged for only 5 min before the TG
addition. This is in stark contrast to AuNP/TG, AuNP/(BSA/TG), and (AuNP/TG)/BSA
systems in which AuNPs completely aggregated and settled after overnight incubation
(Fig. 3.2 and Fig. 3.8). The longer AuNP/BSA is aged before the TG addition, the more
stable the AuNPs in (AuNP/BSA)/TG samples become. This indicates that the BSA
adlayer becomes increasingly stable on the AuNPs. This is consistent with our finding
that a larger the fraction of AuNP surface is passivated by BSA against MBI adsorption,
the longer the aging period of AuNP/BSA.13 Aging AuNP/BSA solutions before the
addition of other OTs can also prevent AuNP aggregation (Fig. 3.10). The timedependent OT adsorption onto AuNPs in (AuNP/BSA)/2MP and (AuNP/BSA)/6MP
samples was demonstrated by both the decreasing 2MP or 6MP UV-vis absorbance and
the decreased AuNP LSPR absorbance at 520 nm region. However, the Hcy adsorption
69

onto AuNPs can only be deduced by the decreased AuNP LSPR absorbance because Hcy
does not absorb in the UV-vis spectral region we explored.

Figure 3.10

The representative time-resolved UV-vis spectra of (AuNP/BSA)/OT
samples in which the OT was added after aging the AuNP/BSA mixture for
1 day.

Notes: The spectra shown in A-C were taken at 7 s, 30 s, 1 min, 10 min, 2 h, 12 h, 1 day
and 3 days after the addition of the OT. The concentrations of AuNP, BSA and OT used
in all the analyses are 3.7 nM, 3.3 M, and 16.6 M, respectively.

The drastically enhanced AuNP stability against aggregation in the
(AuNP/BSA)/OT in comparison to that of corresponding AuNP/OT samples strongly
suggest that BSA is the dominant ligand determining AuNP aggregation characteristics
(AuNP/BSA)/OT samples. This result is important as it excluded the possibility of
substantial secondary OT adsorption in (AuNP/BSA)/OT samples. In other word, the
subsequent OT adsorption onto AuNPs in the (AuNP/BSA)/OT samples is resulted from
the direct AuNP/OT interactions.
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Conclusions
The work represents the first systematic study comparing simultaneous and
sequential protein and OT interactions with AuNPs. The inclusion of a relatively large
number of model OTs in this study enabled the exploration of how OT structure affects
the AuNP stability against AuNP aggregation induced by OT adsorption in AuNP/OT,
AuNP/(BSA/OT), (AuNP/OT)/BSA, and (AuNP/BSA)/OT samples. Among
AuNP/BSA/OT mixtures with the same composition, AuNPs are most stable in
(AuNP/BSA)/OT, followed by AuNP/(BSA/OT), and finally (AuNP/OT)/BSA. This
dependence of the AuNP aggregation on the ligand addition sequence in the
AuNP/BSA/OT mixtures indicates that competitive BSA and OT binding onto AuNPs is
kinetically controlled. Otherwise one would expect the same AuNP stability in the
AuNP/BSA/OT mixtures regardless of the addition sequence of the individual
components.
The fact that aging (AuNP/BSA) before OT addition increases the AuNP stability
on one hand provides an effective method for fabricating stable BSA and OT cofunctionalized AuNPs. It on the other hand, indicates that the protein/AuNP binding
affinity is strongly age dependent. This casts doubt on the usefulness and reliability of the
BSA binding constants with AuNPs. Our present and recent studies suggest that it is
unlikely that BSA reaches an equilibrium state on AuNPs within a reasonable
experimental time frame in which protein remains intact on the AuNPs (two days for
example). This time-dependent BSA binding affinity with AuNP may explain the vastly
different (from 105 to 1011M-1) BSA “equilibrium binding constants” with AuNPs
reported by various groups.5-8Besides providing a critical new insight into our
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fundamental understanding of multicomponent protein/OT interactions with AuNPs, this
work is also important for designing biocompatible protein-functionalized AuNPs for
biological/biomedical applications.
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CHAPTER IV
CYSTEINE RESIDUES ENHANCES PROTEIN STABILITY ON GOLD
NANOPARTICLES AGAINST ORGANOTHIOL DISPLACEMENT

Abstract
The role of cysteine residues in the protein adsorption kinetics and stability on
gold nanoparticle (AuNP) was studied using AuNP localized surface plasmon resonance
(LSPR) in combination with organothiol displacement. GB3 protein, the third IgGbinding domain of protein G, possessing no cysteine residues in wild type (GB30) was
mutated to GB31 and GB32that have one and two cysteines respectively. The cysteine
content has no significant effect on the kinetics of protein association with AuNPs, and
most protein adsorption occurs within the first five min of protein/AuNP mixing.
However the stability of GB3-AuNP complex against organothiol-adsorption induced
AuNP aggregation depends strongly on cysteine content in the GB3 variants and the
aging time of the GB3/AuNP mixture before the organothiol addition. This study strongly
indicates that cysteine residue is critical in generating stable protein-AuNP complex in
realistic biological samples that is known to be rich with amino acid thiols.
Introduction
Proteins are known to have high binding affinity to gold nanoparticles (AuNPs),
and thus they are used extensively for AuNP surface modification for AuNP
functionality, stability, target specificity, and / or reduce the nanotoxicity in biological
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and biomedical applications.1,2When AuNPs are exposed to the biological medium,
protein self-assembles onto the AuNP surface, forming a protein coated layer that is
commonly referred as protein corona.2,3Importantly the protein-corona evolves from soft
corona, in which protein can be desorbed via centrifugation, to hard corona in which the
protein-coated layer is stable against centrifugation desorption.4 Despite of the extensive
literature on the protein interaction with gold, including planar gold film and AuNPs2,5
the fundamental mechanism regarding the protein/AuNP and the structural evolution of
protein on AuNP is not clear.6 Using the most studied BSA/gold binding as an example,
several group reports that the dominant binding forces between BSA and gold is
electrostatic interactions between the positively charged lysine groups in BSA with the
negatively charged citrate stabilized AuNPs,4,7while some researchers believe that the
BSA and AuNP binding is mainly through the covalent linkage of AuNP and sulfur
groups of proteins.8-10
Our recent study of BSA binding with AuNP showed that while BSA association
with AuNP is an exceedingly rapid process and over 90% of the protein is adsorbed onto
AuNP within the first ~5min of the sample preparation, the BSA structural modification
on the AuNP is extremely lengthy process. BSA cannot reach static state conformation on
AuNP even after 3 days of sample incubation, the longest incubation time explored .11 In
addition, the longer sample incubation time, the larger fraction of AuNP surface is
passivated by BSA against subsequent organothiol interaction, indicating that BSA has
larger contact surface area with AuNP. This result indicates that the protein/AuNP
binding is highly dynamic in nature, which challenges the reliability and usefulness of
“equilibrium” protein-AuNP binding constants reported in literature.12-15
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Given the structural complexity and diversity of proteins, multiple intermolecular
forces likely come to effect for protein and AuNP interaction, and the dominant forces
between protein and AuNP binding can be different during the time-course of the proteinAuNP interactions. One likely scenario is that the initial protein-AuNP binding mainly
involves long-range intermolecular forces such as electrostatic and Van der Waals
interaction, while the covalent interaction between AuNP and the cysteine residue
becomes dominant after the protein deformation on the AuNPs. This scenario can be
particularly true considering the fact that 1) cysteine residues commonly exists as
disulfide and rarely as located at the outmost surface in native protein, and 2) AuNPs
with diameter of 10 nm or above is too clearly big to penetrate inside protein to form SAu binding.

As a result, it is unlikely for protein to form covalent S-Au bonding

without the initial protein adsorption driven by the nonspecific (non-covalent) interaction
and the subsequent protein deformation.
The goal of this present study is to probe the role of cysteine has on both the proteinbinding kinetics and the binding affinity to the AuNPs. In this study, we use the third
IgG-binding domain of Protein G, GB3 and its variants as the model proteins (Fig.
4.1).16,17 The wild type GB3 consists of 56 amino acid residues but containing no
cysteine18 (thus denoted as GB30). It has 6 lysine residues, and an isoelectric point of ~
4.9 because of its high content of negatively charged amino acid residues.17 The two
genetically mutated GB3 variants contain either one or two cysteines (GB31 and GB32)
that are achieved by mutating a threonine residue (for both GB31 and GB32) and lysine
residue (for GB32) into cysteines. The AuNP binding kinetics of the GB3 variants and
their GB3 stability on AuNPs against organothiol (OT) displacement were studied using
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time-resolved UV-vis spectroscopy. The model OTs used in this study includes
mercaptobenzimidazole (MBI) and homocysteine (Hcy), which are chosen because of
that both MBI and Hcy adsorption can induce AuNP aggregates that can be readily
monitored using UV-vis method. The samples denoted as (AuNP/GB3)/OT or
AuNP/(GB3/OT) where the components in the inner parenthesis were added first
followed by the third component.

Figure 4.1

Amino acid sequence of peptide GB30, GB31, and GB32

Experimental section
Materials: All the chemicals used were purchased from Sigma−Aldrich unless
otherwise notified. Nanopure water (ThermoScientific) was used in all our
measurements. The time-resolved LSPR measurements were measured using an Olis HP
8452 diode array spectrophotometer.
GB3 and GB3 variants: A pET-15b plasmid encoding for GB3 was provided as a
generous gift from Ad Bax (National Institutes of Health). After heat-shock
transformation, E. coli Bl21*DE3 cells (Invitrogen) were incubated in 1L of LB media at
37°C. When the culture reached an OD600 of 0.5-0.7, expression was induced with 1mM
IPTG and the cells continued to grow at 25°C overnight. Reaching an OD600 of 2, the
cells were harvested and then resuspended in lysis buffer. The resuspended cells were
sonicated (Branson Sonifier 250) on ice at power level 6. Processed lysate was heated
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to85°C for 15 minutes, swirling every 3-4minutes. After cooling on ice, DNA was
precipitated by adding 0.5%Streptomycin Sulfate and swirling an additional 10 minutes.
The lysate was centrifuged (Beckman Coulter) at 18,000 x g for 45 minutes, with GB3
remaining in the soluble fraction. Further purification was performed by gel filtration
chromatography on a HiLoad 26//600 Superdex 75pg column (Amerisham
biosciences/GE healthcare). Pooled protein fractions (A280 > A260) were dialyzed in
water overnight and frozen at -80 oC. The protein was then lyophilized, and purity was
estimated at>98% by SDS-PAGE (Bio-rad) analysis.
AuNP synthesis: AuNPs were synthesized using the citrate reduction
method.19,20Gold (III) chloride trihydrate (0.0415 gm, 0.105 mmol) was dissolved in 100
ml of distilled water and refluxed with vigorous stirring. Then, 10 ml aqueous of 1.14 %
(w/v) sodium citrate dihydrate was added to the solution after reflux was reached and
refluxing was continued for 20 min. The average AuNP size was ~ 13 nm in diameter
with peak UV-vis absorption centered at 519 nm. The concentration of AuNPs was
calculated as 11.1 nM by assuming that all gold(III) ions were reduced to atomic gold,
which is also consistent with the AuNP concentration estimated using the UV-Vis
absorbance of the as-synthesized AuNPs.
Time-resolved UV-Vis measurements: Time resolved UV-Vis measurements were taken
to monitor the protein adsorption kinetics onto AuNP and as well as stability of proteinAuNP complexes. To probe the effect of cysteine on adsorption kinetics of protein onto
AuNP, the time-resolved UV−Vis spectra were taken immediately after the addition of
GB3 into the AuNP solution. The time interval between each consecutive spectral
acquisition was 0.5 s. The dead (lead) time of the instrument was about 4 s, and the
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integration time of each spectrum was 1.1s. The protein-nanoparticle stability of AuNPs
in (AuNP/GB3)/OT and AuNP/(GB3/OT) were studied by acquiring LSPR spectra at
various intervals after the addition of the third component. In the case of
(AuNP/GB3)/OT samples, AuNP/GB3was incubated for either 5 min or 1 day prior to the
addition of organothiol.
Results and discussions
Adsorption kinetics of GB3 on AuNP
UV-vis is one of the very few techniques appropriate for in-situ study of AuNP
interfacial interactions in solution and it has been studied extensively for studying protein
and AuNP binding.1,4,21,22 The protein adsorption changes the dielectric constant of the
medium surrounding AuNPs, inducing modifications in the AuNP peak UV-vis
absorbance and/or wavelength. Evidently the time-resolved UV-vis spectra in all
AuNP/GB3solutions are remarkably similar (Fig. 4.2), indicating that cysteine content
has no significant effect on the GB3 and AuNP binding kinetics. Immediately after the
addition of GB3 to AuNP (~4 s of the instrumental dead time), the peak UV-vis
absorbance increases ~0.16 absorbance units, which is more than 3 times higher than the
totally change in the AuNP UV-vis absorbance induced by the subsequent 800 mins’
sample incubation. This spectral change is very similar to what is observed when BSA is
mixed with AuNPs,11 and it indicates that GB3 adsorption is exceedingly rapid process
and most of the protein adsorption occurs within the first few seconds of the AuNP and
GB3 mixing. Although theoretically the AuNP UV-Vis absorbance can be changed by
both protein adsorption and the subsequent protein conformation on AuNPs, the change
induced by the protein conformation modification is presumably small. Recent work
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with BSA binding with AuNP showed that the amount of protein adsorbed onto AuNPs
remains unchanged once the BSA/AuNP is mixed for more than 10 mins, even though
the AuNP LSPR feature keep changes during our entirely 24 hours experimental period.11
The similarity in the protein adsorption kinetics onto AuNP among GB3 variants is note
worthy. First, it implies that cysteine unlikely plays any significant role in the initiation
of protein adsorption. Secondly, since both GB3 (pI ~ 4.9) and the citrate-reduced
AuNPs are negatively charged under our experimental condition, electrostatic interaction
between proteins/AuNP are unlikely the dominant force in the initial protein adsorption.
Beside the universal van der Waals interaction between protein and AuNP, entropymaximizing may also be a driven-force in driving protein adsorption onto AuNPs. It is
possible that the total number of the solvent molecules that originally arranged around the
protein and AuNP can be significantly reduced once the protein is associated with
AuNPs, making that the protein-AuNP binding more favorable. Such an entropy-driven
mechanism was invoked for explaining the nanoparticle aggregation before,23-25 but it’s
possible contribution to protein/nanoparticle binding is mostly overlooked.
Stability of AuNP-GB3 complexes
The role of cysteine on stabilization ofGB3 on AuNPs was studied by monitoring
the stability of AuNPs against aggregation induced by organothiol adsorption. Recent
study of BSA/AuNP binding showed that organothiol can adsorb onto the AuNPs that is
precoated with BSA. However the subsequent organothiol adsorption did not induce
detectable protein desorption and AuNP destabilization (aggregation), suggesting that the
BSA/AuNP binding is stronger than that of OT/AuNP, and/or the ligand exchange
between BSA and OT is too slow to be detected. The GB3 variants constitute an ideal set
81

of model proteins for probing the correlation between protein stability on AuNP and
cysteine content. In addition, the aging dependence of the GB3/AuNP stability study
allows us to estimate the time scale for the protein to form a stable binding that is
resistant to organothiol displacement.

Figure 4.2

(A) Time-resolved UV-vis LSPR spectra of AuNP/GB31. The arrow
indicates spectra taken at increasing incubation time. The spectrum in black
was taken with AuNP control without GB3. (B) the time-course of the peak
UV-vis absorbance of LSPR spectra at 520 nm obtained with (black)
AuNP/GB30, (red) AuNP/GB31, and (blue) AuNP/GB32 mixtures.

Notes: The concentrations of AuNP and GB3 proteins were 5.6 nM and 5 µM,
respectively. (B) The first data point (0 mins) in the time-course is from the AuNP
control where the AuNP concentration is also 5.6 nM.

Fig. 4.3 shows the time-resolved UV-vis spectra obtained with two series of
AuNP/GB3/OT mixtures, one for MBI as the model OT and the other for Hcy as the
model OT. In each series, the aging time of the AuNP/GB3 mixtures varies from 0, 5
min, to 24 h before the OT addition. Apparently for GB30 samples, the OT induces
immediate AuNP aggregation, followed by settlement after prolonged sample incubation.
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This same phenomenon was observed regardless how long the GB30/AuNP mixture is
aged before the OT addition. The scenario is much more complicated for the GB31 and
GB32 adsorbed AuNP. For these samples the stability of the AuNPs against the OT
adsorption induced aggregation depends on both the incubation time of the (GB31/AuNP)
and (GB32/AuNP) mixture before the OT addition, and the structure of the OT molecules.
When GB31 or GB32was added simultaneously with OT with AuNP, AuNP aggregated
immediately and eventually settled to the bottom of the cuvette used for the spectral
acquisition, with the rate AuNP aggregation and settlement similar to that of the GB30
samples. This result indicates that there is no substantial covalent bond formation
between AuNP and GB1 or GB2 in the AuNP/(GB31/OT) and AuNP/(GB32/OT) samples.
The possibility of AuNP destabilization through organothiol displacing the covalently
bonded AuNPs is excluded according to previous reports that there is no detectable
organothiol exchange on AuNPs at room temperature.26,27
When OT is added five minutes after the preparation of AuNP/GB31 and
AuNP/GB32 mixtures, stability of AuNPs in the (AuNP/GB31)/OT and (AuNP/GB32)/OT
against the ligand adsorption is vastly different. AuNPs in (AuNP/GB31)/Hcy,
(AuNP/GB31)/MBI, and (AuNP/GB32)/MBI were aggregated and eventually settled to
bottom of the cuvettes, while no significant AuNPs aggregation is observed in
(AuNP/GB32)/Hcy during all entire ~2 days experimental period. Two possible reasons
could lead to the difference in the AuNP aggregation characteristics between the
(AuNP/GB32)5min/Hcy and (AuNP/GB32)5min/MBI. The first is that, compare to Hcy,
the MBI binding affinity to AuNP is likely significantly stronger. Previous research from
our lab showed that MBI binds bidentately with AuNP through both its sulfur and
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nitrogen atoms,28 while Hcy should binds monodentately to AuNP. The second, which is
likely the dominant reason is that compared to Hcy, MBI is much more effectively
inducing AuNP aggregation. Fig. 4.4 showed that AuNP aggregation kinetics in as a
function of OT concentration in the AuNP/MBI and AuNP/Hcy solutions. Evidently, the
concentration threshold to induce AuNP aggregation is significantly lower for MBI than
Hcy, and in the case of both MBI and Hcy inducing AuNP aggregations, the AuNP
aggregation kinetics in AuNP/MBI samples is much faster than in AuNP/Hcy mixtures.
The fact that AuNP is stable in (AuNP/GB32)5min/Hcy, but not in
(AuNP/GB31)5min/Hcy indicates that more Hcy was adsorbed onto AuNPs in
(AuNP/GB31)5min/Hcy than that in (AuNP/GB32)5min/Hcy. This suggests that a larger
fraction of the AuNP surfaces in (AuNP/GB32)5min/Hcy is passivated against the Hcy
adsorption than that in (AuNP/GB31)5min/Hcy. This hypothesis is consistent with that
fact that GB32 has two cysteine residues instead of one in GB31. First, with its two
cysteine groupsGB32on AuNPs likely to form covalent S-Au bond faster than GB31, as a
result higher fraction of GB32 on AuNP may be covalently bounded to AuNPs than that
for GB31. Secondly, each GB32 on AuNPs can form two covalent S-Au bonds instead of
one for GB31. Our attempt to quantify the amount of absorbed GB3 variants by
centrifugation removal of the AuNPs together with surface adsorbed GB3variantswas
unsuccessful. The precision of this method is too poor to determine the difference
between the GB3 adsorption under different conditions. Nevertheless, the high stability
for AuNP in(AuNP/GB32)5min/Hcy indicates that the importance of the cysteine content
in forming stable protein/AuNP binding. Similarly cysteine stabilization effect was
found by Reed et al. who demonstrated that the tetracysteine motif of enhanced green
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fluorescent protein (eGFP) was more stably adhere on AuNPs than dicysteine motif eGFP
and native eGFP.29 Unlike our findings that GB3with two cysteines enhanced the
stability of AuNPs compared to native GB3 against ligand induced aggregation, Reed et
al. has found that addition of dicysteine motif to eGFP has little effect on AuNP stability
against multiple washings compared to native protein.
AuNP almost totally stabilized in the (AuNP/GB31)/Hcy if Hcy was added 24
hours after the AuNP mixing with GB31, indicating that with the longer incubation time,
GB31 becomes increasingly stable on the AuNP surface against the Hcy displacement.
Similarly aging also enhanced the AuNP stability in the (AuNP/GB32)/MBI samples.
While extensive AuNP aggregation is observed in (AuNP/GB32)5min/MBI, which lead to
eventual AuNP settlement, only a small degree of AuNP aggregation is observed in
(AuNP/GB32)24hr/MBI and the AuNPs remain well dispersed during the entire
experimental period.
Important insight can be derived by comparing the AuNP aggregation
characteristics in (AuNP/GB3)/MBI samples with that of (AuNP/BSA)/MBI. AuNPs in
(AuNP/BSA)/MBI are entirely stable against MBI induced AuNP aggregations even
when the AuNP/BSA mixture is only aged for 5 s before MBI addition. This result is in
stark contrast with the (AuNP/GB3)/MBI samples in which MBI induces notable AuNP
aggregations even in the (AuNP/GB32)/MBI where MBI is added after the (AuNP/GB32)
mixture was aged for 24 hrs. One possible explanation is that BSA protein molecule has
35 cysteine groups, the formation of stable S-Au bonding is drastically faster than that for
GB3.
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Figure 4.3

Representative time-resolved UV-Vis spectra of (A to C) AuNP/(GB3/OT),
and (E to G and I to K) (AuNP/GB3)/OT samples where the OTs in the
panels are (top) MBI and (bottom) HC, respectively.

Notes: The GB3 variants in (AuNP/GB3)/OT samples were incubated with AuNPs for (E
to G) 5 min and (I to K) 1 day prior to the addition of OT. The GB3 proteins used in the
plots of both panels are (A, E, I) GB30, (B, F, J) GB31, and (C, G, K) GB32 respectively.
The plots D, H and L are the AuNP peak UV-vis absorbance at 520 nm versus sample
incubation time for the samples in plots A to C, E to G and I to K, respectively. The
black, red and blue circles in plots D, H and L indicate the time-courses of samples with
GB30, GB31, andGB32, respectively. The concentration of AuNP, OT and GB3 were 3.7
nM, 30 M, and 6.6 μM, respectively.
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Figure 4.4

The time-resolved UV-vis spectra of AuNP/MBI and AuNP/Hcy samples.

Notes: The concentrations of MBI used were 1 µM, 2 µM, 5 µM, and 10 µM and Hcy
were 2 µM, 5 µM, 10 µM, and 25 µM. The spectrum in black was taken with AuNPs
alone with no OT added. The concentration of AuNPs used in the analyses was 5.7 nM.

Conclusions
Protein and gold nanoparticle interaction is an exceedingly complicated
phenomenon. It is highly dynamic in nature and involves multiple intermolecular
interactions. The present work probes the role of cysteine residue on protein adsorption
kinetics and stability on AuNPs. One key finding is that cysteine does not have
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significant contribution to the initial GB3 adsorption onto AuNPs, but is critical in
maintaining stability on AuNP against organothiol displacement. Aging GB3/AuNP
mixture promotes the formation of covalent S-Au bond between protein and AuNPs, and
the rate or the extent of the S-Au bond formation increases with the number of the
cysteine residues in GB3 variants. Besides providing new insight into fundamental
mechanism of protein/AuNP interactions, this work is also important for designing
biocompatible protein-functionalized AuNPs for biological/biomedical applications.

88

References
1.

Lacerda, S. H. D. P.; Park, J. J.; Meuse, C.; Pristinski, D.; Becker, M. L.; Karim,
A.; Douglas, J. F. ACS Nano2009, 4, 365-379.

2.

Mahmoudi, M.; Lynch, I.; Ejtehadi, M. R.; Monopoli, M. P.; Bombelli, F. B.;
Laurent, S. Chem. Rev.2011, 5610-5637.

3.

Monopoli, M. P.; Walczyk, D.; Campbell, A.; Elia, G.; Lynch, I.; Baldelli
Bombelli, F.; Dawson, K. A. J. Am. Chem. Soc.2011, 133, 2525-2534.

4.

Casals, E.; Pfaller, T.; Duschl, A.; Oostingh, G. J.; Puntes, V. ACS Nano2010, 4,
3623-3632.

5.

Frasconi, M.; Mazzei, F.; Ferri, T. Anal. Bioanal. Chem.2010, 398, 1545-1564.

6.

Dreaden, E. C.; Alkilany, A. M.; Huang, X.; Murphy, C. J.; El-Sayed, M. A.
Chem. Soc. Rev.2012, 41, 2740-2779.

7.

Brewer, S. H.; Glomm, W. R.; Johnson, M. C.; Knag, M. K.; Franzen, S.
Langmuir2005, 21, 9303-9307.

8.

Tsai, D.-H.; DelRio, F. W.; Keene, A. M.; Tyner, K. M.; MacCuspie, R. I.; Cho,
T. J.; Zachariah, M. R.; Hackley, V. A. Langmuir2010, 27, 2464-2477.

9.

Sen, T.; Mandal, S.; Haldar, S.; Chattopadhyay, K.; Patra, A. J. Phys. Chem.
C2011, 115, 24037-24044.

10.

Zhang, D.; Neumann, O.; Wang, H.; Yuwono, V. M.; Barhoumi, A.; Perham, M.;
Hartgerink, J. D.; Wittung-Stafshede, P.; Halas, N. J. Nano Lett.2009, 9, 666-671.

11.

Vangala, K.; Ameer, F.; Salomon, G.; Le, V.; Lewis, E.; Yu, L.; Liu, D.; Zhang,
D. J. Phys. Chem. C2012, 116, 3645-3652.

12.

Li, N.; Zeng, S.; He, L.; Zhong, W. Anal. Chem.2010, 82, 7460-7466.

13.

Tsai, D.-H.; DelRio, F. W.; Keene, A. M.; Tyner, K. M.; MacCuspie, R. I.; Cho,
T. J.; Zachariah, M. R.; Hackley, V. A. Langmuir2011, 27, 2464-2477.

14.

Wangoo, N.; Suri, C. R.; Shekhawat, G. Appl. Phys. Lett.2008, 92, 133104.

15.

Treuel, L.; Malissek, M.; Gebauer, J. S.; Zellner, R. ChemPhysChem2010, 11,
3093-3099.

16.

Derrick, J. P.; Wigley, D. B. J. Mol. Biol.1994, 243, 906-918.
89

17.

Ulmer, T. S.; Ramirez, B. E.; Delaglio, F.; Bax, A. J. Am. Chem. Soc.2003, 125,
9179-9191.

18.

Philippe S. Nadaud; Jonathan J. Helmus; Jaroniec, C. P. Biomol. NMR
Assigm.2007, 1, 117-120.

19.

Frens, G. Nature1973, 241, 20-22.

20.

Freeman, R. G.; Hommer, M. B.; Grabar, K. C.; Jackson, M. A.; Natan, M. J. J.
Phys. Chem.1996, 100, 718-724.

21.

Xie, H.; Tkachenko, A. G.; Glomm, W. R.; Ryan, J. A.; Brennaman, M. K.;
Papanikolas, J. M.; Franzen, S.; Feldheim, D. L. Anal. Chem.2003, 75, 57975805.

22.

Maiorano, G.; Sabella, S.; Sorce, B.; Brunetti, V.; Malvindi, M. A.; Cingolani, R.;
Pompa, P. P. ACS Nano2010, 4, 7481-7491.

23.

De, M.; Miranda, O. R.; Rana, S.; Rotello, V. M. Chem. Commun.2009, 21572159.

24.

De, M.; You, C.-C.; Srivastava, S.; Rotello, V. M. J. Am. Chem. Soc.2007, 129,
10747-10753.

25.

Shemetov, A. A.; Nabiev, I.; Sukhanova, A. ACS Nano2012, 6, 4585-4602.

26.

Ionita, P.; Volkov, A.; Jeschke, G.; Chechik, V. Anal. Chem.2007, 80, 95-106.

27.

Schlenoff, J. B.; Li, M.; Ly, H. J. Am. Chem. Soc.1995, 117, 12528-12536.

28.

Ansar, S. M.; Haputhanthri, R.; Edmonds, B.; Liu, D.; Yu, L.; Sygula, A.; Zhang,
D. J. Phys. Chem. C2011, 115, 653-660.

29.

Reed, A. M. W.; Metallo, S. J. Langmuir2010, 26, 18945-18950.

90

